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CHAPTER I. INTRODUCTION 
Chloroplast biogenesis has been under intensive investigation for a 
number of years, yet the nature of the interaction between nuclear genes 
and cytoplasmic organelles remains obscure. One integral aspect of the 
chloroplast, both structurally and functionally, is the chlorophyll mole­
cule. The structure of the chlorophyll molecule is illustrated in Figure 
1.1. The molecule is composed of a porphyrin ring, as well as an addi­
tional ring that may be the active site of the molecule (Rabinowitch and 
Govindjee, 1969). In the center of the porphyrin ring is an atom of mag­
nesium. Also characteristic of the chlorophyll molecule is a long hydro­
phobic carbon chain, the phytol chain. This structure allows the chloro­
phyll to bind to lipids in the chloroplast membranes. In normal chloro-
plasts, chlorophyll is embedded in the light trapping apparatus of the 
membrane system. This association is required for photosynthesis as well 
as maintenance of chloroplast structure. In order to understand the 
interaction between chlorophyll structure and chloroplast development, 
knowledge of the role of nuclear genes in chlorophyll biosynthesis is im­
portant. The study of mutants reduced in their ability to synthesize the 
final product has been instrumental in elucidating the chlorophyll bio-
synthetic pathway. Corn is particularly amenable to mutant studies be­
cause of the relative ease with which genetic studies can be carried out, 
and because a large number of pigment deficient mutants are presently 
available. Mutants can be genetically classified into complementa­
tion groups and mapped with respect to other genetic markers. In addition 
to genetic studies, mutants can be characterized with respect to their 
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Figure 1.1. Chlorophyll a (the circled CH3 group is replaced by CHO 
in chlorophyll b). 
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effects on accumulation of chlorophyll precursors. This approach can 
distinguish pigment deficient mutants with undefined lesions from mutants 
that exhibit specific defects in the chlorophyll pathway. Having been 
defined, mutants can be used to determine whether specific lesions in 
chlorophyll biosynthesis inhibit the process of chloroplast development. 
The purpose of this investigation is to analyze mutants with defects 
specifically in chlorophyll biosynthesis with regard to: (1) their 
genetics, (2) the sites of their mutant-induced lesions in the pathway, 
and (3) their effects on chloroplast development. 
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CHAPTER II. LITERATURE REVIEW 
Biochemistry of Chlorophyll Synthesis 
The biochemistry of porphyrin synthesis has been extensively studied 
and reviewed (see Bogorad, 1976, for a recent review). An outline of the 
chlorophyll biosynthetic pathway is presented in Figure 2.1. Bogorad 
(1976) has subdivided the pathway into 7 major groups of reactions; 
1) The diversion of carbon and nitrogen atoms from the cellular pools 
of metabolic intermediates via the formation of 6-aminolevulinic 
acid. 
2) The condensation of two molecules of 6-aminolevulinic acid to form 
the precursor pyrrole, porphobilinogen. 
3) The formation of the cyclic tetrapyrrole, uroporphyrinogen, from 
four molecules of porphobilinogen. 
4) Modification of side chains of porphobilinogen to form proto-
porphyrinogen. 
5) Oxidation of the porphyrin ring to form protoporphrin IX. 
6) Incorporation of metal atoms. 
a) Iron + protoporphyrin IX ^  heme. 
b) Magnesium + protoporphrin IX -> magnesium protoporphyrin. 
7) Further alterations of side chains including esterifications and 
reductions, formation of the cyclopentanone ring and reduction of 
one pyrrole ring to form chlorophyll. 
It is generally believed that chlorophyll and heme biosynthesis pro­
ceed by the same mechanism from 6-aminolevulinic acid to protoporphyrin IX 
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Figure 2.1. The chlorophyll biosynthetic pathway taken from a review 
by Bogorad, 1976. 
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(Bogorad, 1976) , There is no evidence, however, relating to the degree 
to which the two pathways share common pools of intermediates. Beale and 
Castelfranco (1974) and Beale et al. (1975) demonstrated that in cu­
cumbers, beans and barley the most efficient labeled precursors in the 
formation of 6-aminolevulinic acid are the five carbon dicarboxilic acid 
compounds glutamate, glutamine and a-ketoglutarate. They found that the 
carbon atoms of glycine and succinate were not efficiently used in the 
formation of 6-aminolevulinic acid as is observed in animal and bacterial 
tissues. Studies by Meller et al. (1975) in corn and Wellburn (1975) in 
oats have confirmed that 6-aminolevulinic acid is formed directly from a 
five carbon precursor. This reaction had previously been demonstrated in 
R. spheroides (Neuberger and Turner, 1963) and Chlorella (Gassman et al., 
1968). Lohr and Friedmann (1976) have begun to isolate and characterize 
the enzymes that catalyze this reaction in advanced plants. They have 
defined two enzymatic activities responsible for the formation of 6-
aminolevulinic acid. The first involves the reduction of one carboxyl 
group of a-ketoglutarate to form 4,5-dioxovaleric acid and the second 
involves transamination of 4,5-dioxovaleric acid to form 6-aminolevulinic 
acid. The conversion of 6-aminolevulinic acid to protoporphyrin IX has 
been well characterized biochemically (see Bogorad, 1976). Intermediates 
involved in the steps from the conversion of protoporphyrin IX to chloro­
phyll, however, have only been discerned from studies of mutants (see next 
section). Attempts to demonstrate direct precursor product relationships 
have been made. Rebeiz et al. (1970), and Rebeiz and Castelfranco 
(1971) demonstrated that, with the proper cofactors, crude homogenates of 
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cucumber cotyledons could form protochlorophyllide from ^ ^C-6-amlnolevu-
linic acid. More refined studies (Rebeiz et al., 1972) showed that in 
developing chloroplasts the biosynthesis of protoporphyrin IX from 6-
aminolevulinic acid is catalyzed by soluble chloroplast enzymes, while the 
biosynthesis of magnesium protoporphyrin from 6-aminolevulinic acid re­
quires the interaction between both soluble and membrane components of the 
chloroplasts. This suggests that the reactions involved in the conversion 
of protoporphrin IX to chlorophyll occur in the membrane component of the 
chloroplasts. Rebeiz and coworkers thus developed an in vitro system with 
which to demonstrate the utilization of putative chlorophyll precursors in 
the formation of chlorophyll. Griffiths (1974a) using barley etioplasts 
demonstrated that protochlorophyllide holochrome is converted to chloro­
phyll. This activity was lost if the etioplasts were lysed but could be 
regenerated by adding an NADPH generating system to the incubation mix­
ture. This indicates that NADPH acts as a hydrogen donor in the reduction 
of protochlorophyllide to chlorophyllide. Using the same system, 
Griffiths (1974b) demonstrated that protochlorophyllide and not proto-
chlorophyll acts as a chlorophyll precursor. Mattheis and Rebeiz (1975) 
and Rebeiz et al. (1975) have shown that isolated developing chloroplasts 
are active in the following chlorophyll biosynthetic reactions: 1) con­
version of exogenous 6-aminolevulinic acid to protochlorophyllide, 2) 
conversion of endogenous porphyrins to protochlorophyllide, 3) conversion 
of exogenous protoporphyrin IX to protochlorophyllide, 4) slower rate of 
conversion of protoporphyrin monomethyl ester to protochlorophyllide com­
pared with protoporphyrin TX,5) conversion of exogenous protochlorophyllide 
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to protochlorophyllide holochrome, 6) conversion of exogenous G-amino-
levulinic acid to chlorophyll in light. Smith and Rebeiz (1977) have 
demonstrated that magnesium insertion into protoporphyrin IX can be carried 
out by isolated chloroplasts, and is mediated by an enzyme. 
Presently, these studies are carried out at the level of isolated 
organelles. With further refinements, however, it seems likely that 
specific enzymes involved in the conversion of protoporphyrin IX to 
protochlorophyllide may be characterized. 
Studies of Mutants Defective in Chlorophyll Biosynthesis 
Studies of mutants have been instrumental in elucidating many bio­
chemical processes. Chlorophyll biosynthetic mutants have been studied 
in a variety of organisms ranging from photosynthetic bacteria to higher 
plants. Indeed, all of the intermediates in the pathway from proto­
porphyrin IX to chlorophyll were first identified in mutants of Chlorella 
(Granick, 1948a,b, 1961; Ellsworth and Aronoff, 1968, 1969; 
Aronoff et al., 1971). In lower organisms, the chlorophyll biosynthetic 
pathway is turned on constituitively in both light and dark-grown material 
(Granick, 1948a). Mutants in such organisms are characterized by the ex­
cretion of intermediates into the growth medium. In angiospersms, the 
chloronhvll oathwav is oartiallv turned off when olants are erown in 
darkness. Synthesis of chlorophyll is inhibited and only a small 
amount of protochlorophyllide is accumulated. The pathway is further 
inhibited by a feedback mechanism preventing 6-aminolevulinic acid synthe­
sis. These physiological blocks are removed after exposure of plants to 
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light. Dark-grown plants, however, can be induced to accumulate signifi­
cant quantities of precursors by feeding detached shoots 6-aminolevulinic 
acid (Granick, 1959). A survey of the chlorophyll biosynthetic mutants 
and the sites of their lesions was presented by Cough (1972). An updated 
compilation of these mutants is presented here (Table 2.1). Although most 
mutants accumulate several precursors the sites of the primary lesions are 
illustrated in Figure 2.2. 
The only systematic study of the chlorophyll biosynthetic mutants in 
higher plants was carried out in barley (see e.g., Wettstein et al., 1971; 
Henningsen et al., 1973, Gough, 1972; Nielsen, 1974; Wettstein et al., 
1974; Kahn et al., 1976). Wettstein et al. (1971) reviewed data relevant 
to a number of nuclear gene mutants that control chloroplast development 
in barley. One hundred ninety-eight recessive lethal mutants were as­
signed to 86 loci. These included 33 albino mutants representing 31 loci, 
and 39 xantha (yellow) mutants representing 20 loci. These mutants were 
screened by feeding detached shoots 6-aminolevulinic acid and ^  vivo 
spectroscopy to determine whether they expressed different patterns of 
precursor accumulation compared with normal plants. Albino mutants and 
mutants at 15 xantha loci behaved as wild-type when fed 6-aminolevulinic 
acid while mutants at 5 loci showed defects in chlorophyll synthesis. 
Gough (1972) further characterized the mutants defective specifically in 
chlorophyll biosynthesis. He determined that mutants at three loci, 
xan-f, and -h, were defective in conversion of protoporphyrin IX to 
35 
magnesium protoporphyrin. One mutant, xan-1 , was defective in conver­
sion of magnesium protoporphrin monomethyl ester to protochlorophyllide 
Table 2.1. Summary of chlorophyll biosynthetic mutants in an order corresponding to the site of the 
primary lesion 
Organism Mutant Effect of lesion Reference(s) 
Chlamydomona s r-1 
reinhardtii 
Hordeum vulgare tig-d 
R. spheroides 
R. spheroides 
R. spheroides 
tig-b 
tig-h 
tia-o 
H5 
6-6 
regulatory mutant causes increased accumulation of pre­
cursors in mutants of Chlamydomonas as a result of a 20-
fold increase in 6-amino1evulinic acid synthesis 
incompletely dominant regulatory mutant, causes a 15-
fold increase in protochlorophyllide accumulation in 
homozygous dark-grown plants 
incompletely dominant regulatory mutant, causes 2-10-
fold increase in protochlorophyllide and ^-carotene 
accumulation in homozygous plants 
recessive regulatory mutant, causes 1.5-fold increase 
in protochlorophyllide and accumulates lycopenic pig­
ments 
recessive regulatory mutant, causes 5-fold increase in 
protochlorophyllide and accumulates lycopene 
cannot synthesize 6-aminolevulinic acid, requires 6— 
aminolevulinic acid for growth; when fed makes heme 
but not bacteriochlorophyll 
cannot synthesize 6-aminolevulinic acid, when fed fi-
aminolevulinic acid makes heme and bacteriochloro­
phyll 
blocked in conversion of porphobilinogen to uro­
porphyrinogen, excretes porphobilinogen; can synthe­
size heme but no magnesium tetrapyrroles are produced 
Wang et al. 
(1975) 
Wettstein 
et al. (1974) 
Wettstein 
et al. (1974) 
Wettstein 
et al. (1974) 
Wettstein 
et al. (1974) 
Lascelles & 
Altshuler 
(1969) 
Lascelles & 
Altshuler 
(1969) 
Lascelles & 
Altshuler 
(1967) 
Table 2.1. (Continued) 
Organism Mutant Effect of lesion Reference(s) 
H. vulgare xan-u 
21 
C. vulgaris 
R. spheroides 
Chlorella 
vulgaris 
C. vulgaris 
C. reinhardtil 
Chlamydomonas 
reinhardtil 
Hordeum vulgare 
Chlorella 
W5B-17 
2-33 
accumulates uroporphyrin, protoporphyrin IX and proto-
chlorophyllide when fed 6-aminolevulinic acid; unfed 
accumulates nonphotoconvertable protochlorophyllide; 
also exhibits aberrant carotenoid accumulation 
double mutant derived from W5B, accumulates uro­
porphyrin., coproporphyrin and protoporphyrin IX and 
hematoporphyrin 
excretes coproporphyrin, requires methionine for 
growth; methionine pathway blocked in homocysteine 
methylation 
vulgaris 
A-type accumulates predominantly protoporphyrin IX 
W5B accumulates protoporphyrin IX 
br 1 accumulates protoporphrln IX 
brs-1 light sensitive mutant defective in conversion of proto­
porphyrin IX to magnesium protoporphyrin; killed by 48 
h It 
brc-1 accumulates protoporphyrin IX and 5% of the normal 
chlorophyll level in darkness; in light, chlorophyll 
Is formed normally 
xan-f^ when fed 6-aminolevulinlc acid dark-grown plants accumu-
-^-h_ late predominantly protoporphyrin IX 
60 cells accumulate magnesium protoporphyrin and traces of 
a latter precursor 
Wettsteln 
et al. (1971) 
Gough (1972) 
Nielsen & 
Gough (1974) 
Bogorad & 
Granick 
(1953) 
Lascelles 
(1966a) 
Aronoff 
et al. (1971) 
Granick 
(1948a) 
Sager (1955) 
Wang et al. 
(1974) 
Wang et al. 
(1974) 
Gough (1972) 
Granick (1948b) 
Table 2.1. (Continued) 
Organism Mutant Effect of lesion Reference(s) 
Chlorella 
vulgaris 
Hordeum 
vulgare 
Hordeum 
vulgare 
Chlorella 
vulgaris 
Chlorella 
vulgaris 
Chlorella 
vulgaris 
Rhodopseudo-
monas 
spheroides 
Rhodopseudo-
monas 
spheroides 
Rhodopseudo-
monas 
f 
xan-
60-A 
,35 
xan-1 
_^M,gProto 1 
xan-1 
MgProto 2 
B^-type 
mutants 
BE 
B2-type 
2-73 
8-32 
tan 
accumulates protoporphrin IX, protoporphrin monomethyl 
ester and their magnesium derivatives 
accumulates protoporphrin IX, magnesium protoporphrin 
and its methyl ester and protochlorophyllide when fed 
^-aminolevulinic acid 
two mutants isolated in a homozygous tig-d stock 
accumulate magnesium protoporphyrin and its methyl ester 
constituitively; when separated from tig-d these mutants 
accumulate a small amount of magnesium protoporphyrin(s) 
accumulate predominantly vinylporphyrin ag and divinyl-
porphyrin in the dark, develop chlorophylls a and b 
when growia in light 
accumulates vinyl and dihydro protoporphyrin intermediates 
between magnesium protoporphyrin monomethyl ester and 
magnesium divinyIpheopophyrin a^ 
accumulates divinylpheoporphyrin a^ in darkness, does not 
form chlorophyll in light 
excretes magnesium divinylpheoporphyrin a^ 
accumulfites magnesium divinylpheoporphyrin a^ 
accumulates magnesium divinylpheoporphyrin a^ 
Granick 
(1961) 
Gough (1972) 
Kahn et al. 
(1976); Gough 
(personal com­
munication) 
Aronoff et al. 
(1971) 
Aronoff et al. 
(1971) 
Aronoff et al. 
(1971) 
Lascelles 
(1966b) 
Richards & 
Lascelles 
(1969) 
Stanier & 
Smith (1959) 
Table 2.1. (Continued) 
Organism Mutant Effect of lesion Reference(s) 
Rhodopseudo-
monas 
spheroides 
Rhodopseudo-
monas 
spheroides 
Chlamydomonas 
reinhardtll 
Chlorella 
vulgaris 
Chlorella 
vulgaris 
Fg, F4 excrete magnesium divinylpheoporphyrln 35 
F6 
625 
1^ 
C-type 
CA 
accumulates predominantly protochlorophyllide 
excretes protochlorophyllide 
accumulates chlorophylllde a and its magnesium free 
form pheophorbide a 
accumulates chlorophylllde a and pheophorbide a, 
nonleaky C-type 
Oelze et al. 
(1970) 
Griffiths 
(1962) 
Granick (1950) 
Wang et al. 
(1977) 
Aronoff 
et al. (1971) 
Ellsworth & 
Aronoff (1968) 
Figure 2.2. DiagrammaUic representation of the chlorophyll bio-
synthetic pathway illustrating the sites of the lesions 
of the mutants in several organisms (see table 2.1 for 
references). 
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and one mutant, xan-u , has a leaky block in the conversion of uro-
21 porphyrin to protoporphyrin IX. The xan-u mutant, however, also imposes 
a lesion in carotenoid biosynthesis and does not carry out the normal con­
version of protochlorophyHide to chlorophyllide after exposure to light. 
Nielsen and Cough (1974) speculated that the xan-u gene might code for a 
cofactor or molecule which influences several steps of protochlorophyllide 
and carotenoid biosynthesis. Kahn et al. (1976) have shown that two addi­
tional mutants are completely defective in the conversion of magnesium 
protoporphyrin monomethyl ester to protochlorophyllide, and Gough 
(personal communcation, Department of Physiology, Carlsberg Laboratory, 
Denmark, 1978), has indicated that these mutants are allelic to xan-1. 
The new xan-1 mutants accumulate a small amount of magnesium protopor-
phyrin(s) when grown in darkness, and are necrotic when grown in light. 
Gough speculates that this necrosis may be due to the fact that porphyrins 
act as protosensitizers causing free ion formation as they are oxidized by 
light. 
Several mutants that influence the concentrations of precursors 
accumulated by dark grown plants have also been characterized in barley 
(Nielsen, 1974; Nielsen and Gough, 1974; Wettstein et al., 1974). Three 
of these, tig (tigrina, zebra striped) j^O; cause increases in both 
chlorophyll and carotenoid precursors, while one, tlg-d; affects only the 
regulation of protochlorophyllide biosynthesis. By making combinations of 
xantha and tigrina mutants Wettstein et al. (1974) have shown that pat­
terns of precursor accumulation similar to 6-aminolevulinic acid fed 
mutants are produced. The constituitive synthesis of precursors in the 
tigrina mutants is thought to be the result of lesions in regulatory genes 
that control the activity of the 6-aminolevulinic acid forming enzyme. 
Gough and Granick (unpublished result cited by Wettstein et al., 1974) 
12 34 indicate that the synthesis of 6-aminolevulinic in tig-d , tig-0 , and 
23 
tig-b is not repressed in dark-grown plants as it is in normal plants. 
Repression of 6-aminolevulinic acid synthesis is defective in these 
mutants, however, they seem to have different functions, as evidenced by 
their different carotenoid accumulation patterns. The tig-b mutation re­
sults in accumulation of ^-carotene; tig-d does not affect carotenoid 
synthesis; tig-n causes an increase in carotenoid content and accumulation 
of lycopenic pigments and tig-p results in accumulation of lycopene. Thus 
tig-b, -n, -o seem to function in the coordinated synthesis of chlorophyll 
and carotenoid pigments during plastid development. The tig-d gene, on 
the other hand, functions only in the repression of 6-aminolevulinic acid 
synthesis in the dark and may represent a repressor of a 6-aminolevulinic 
acid forming enzyme. 
The membrane proteins of normal plants and mutants of barley have 
been analyzed by gel electrophoresis (Nielsen, 1975; Hoyer-Hansen et al., 
1976; Machold and Hoyer-Hansen, 1976). The chlorophyll deficient mutants 
xan-f, -g, -h, defective in conversion of protoporphyrin IX to magnesium 
protoporphyrin, develop chloroplasts in light with membrane proteins 
similar to those of etiolated normal plants. The major light-induced 
proteins of normal plants are absent in light-grown mutant plastids 
(Nielsen, 1975). No minor protein differences, which might reflect dif­
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ferences in chlorophyll biosynthetic enzymes, were observed. More refined 
electrophoretic procedures might resolve such differences. 
Ultrastructural Analysis of Chloroplast Development 
Introduction 
Chloroplast development, structure and function have been the sub­
jects of numerous investigations (see Amtzen and Briantais, 1975; Gunning 
and Steer, 1975 for recent reviews). Chloroplasts are unique organelles 
in that they undergo a number of morphological changes during leaf de­
velopment. The mature chloroplast consists of a limiting membrane en­
closing a complex internal membrane system. This highly organized mem­
brane system provides the framework to which the components of the plants 
light harvesting apparatus are bound. The internal membranes are in con­
tinuous contact with the soluble phase of the chloroplast, the stroma, 
which includes: the components of the dark reactions of photosynthesis, 
chloroplast DNA, RNA, ribosomes, osmophilic globules, and other components 
(Gunning and Steer, 1975). The structure and function of the mature 
chloroplast is discussed in any recent plant physiology textbook (see 
Hall, Flowers, and Roberts, 1974, for example). Suffice it here to point 
out that corn is a C4 plant and as such develops dimorphic chloroplasts. 
This observation, although important in normal corn physiology, does not 
bear directly on the problem of chloroplast development. Suzuki and Ueda 
(1974), and Suzuki (1974) have shown that the processes involved in the 
early stages of chloroplast development are identical in mesophyll and 
bundle sheath chloroplasts in both light and dark grown plants. Thus, in 
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discussing data relevant to the process of early chloroplast development 
per se the specific cell type need not be emphasized. Early studies in 
chloroplast development were carried out by Wettstein (1959; 1961) and 
Virgin et al. (1963). According to Wettstein and coworkers undifferen­
tiated chloroplasts (proplastids) grow in size and membranes invaginate to 
form vesicles. These vesicles fuse to form flattened discs which increase 
in number and eventually form a continuous lamellar system. Lamellar 
membranes stack to form grana, which are interconnected by stroma lamel­
lae. In dark grown plants, vesicles invaginate and fuse to form the para-
crystalline prolamellar body. One controversial point in this process is 
whether the prolamellar body is an anomaly developed in plants subjected 
to prolonged etiolation or plays a role in normal chloroplast development. 
Leech (1977) suggests that the etioplast represents a highly differen­
tiated alternative form of chloroplast development. Rosinski and Rosen 
(1972), however, provided considerable evidence that the prolamellar body 
plays a role in the normal process of chloroplast development. More 
recently, Michel-Wclertz and Srcnchart (1974) have shown that in pine 
cotyledons, which form chlorophyll under both light and dark growing con­
ditions, prolamellar bodies are formed in both light and dark-grown 
plants. These structures remained for several days but gradually de­
creased in size and finally disappeared. He suggested that in gymnosperm 
cotyledons prolamellar bodies are an obligate transient in the differen­
tiation of proplastids to chloroplasts. Rascio et al. (1976) demonstrated 
that in maize plants grown under a 12 hour day-night light regime, pro­
lamellar bodies are present in the basal areas of the leaves 2 cm above 
the meristematic region. This was observed whether the sample was taken 
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after 11 hours of darkness or 11 hours of light. Prolamellar bodies, 
however, were not observed in plants older than 24 days. These observa­
tions suggest that the prolamellar body is a transient intermediate in the 
normal process of chloroplast development. Whatley (1977) suggested that 
the pathway for chloroplast development is subject to variations. If, for 
example, the normal developmental process is interrupted by darkness, 
precursor materials accumulate. When the block is removed the normal 
process of development resumes. 
Etioplast components 
The majority of chloroplast developmental studies have involved their 
differentiation from etioplasts. It is, therefore, necessary to discuss 
the structure of etioplasts. 
Etioplasts contain all of the components of mature chloroplasts with 
the exception of the enzymes and membrane configuration needed for the 
reactions of photosynthesis. An alternative membrane system is formed. 
Conspicuous, is a paracrystalline structure, the prolamellar body. The 
structure of the prolamellar body has been investigated in a number of 
laboratories and several models describing this structure have been pro­
posed. Gunning and Jagoe (1967), proposed a cubic lattice model with 
tubules lying in three axes. They suggested that ribosomes between the 
tubules might be responsible for stabilizing the structure. Ikeda (1968) 
and Weier and Brow (1970) observed that the major portions of prolamellar 
bodies in their preparations were composed of hexagonal crystal-lattice. 
More recently. Gunning and Steer (1975) proposed that two basic types of 
building blocks explain most of the prolamellar body structures observed. 
A rare form, the cubic building block (Figure 2.3), consists of tubes 
branching at right angles in three planes, thus pointing outward in six 
directions. These units, when stacked together, form the cubic lattice. 
The more common prolamellar body building-block is the tetrahedron (Figure 
2.3). Tetrahedral subunits can be interconnected in a variety of ways. 
Most commonly, tetrahedrons fuse making three dimentional networks of 
hexagonal rings; the "six-pointed star module" of Weier and Brown (1970). 
Numerous variations of the prolamellar body structure based on the tetra­
hedral building-block are proposed and discussed by Gunning and Steer 
(1975). One type of structure common in etioplasts of plants in certain 
physiological states is the open lattice (Gunning and Jagoe, 1967; 
Henningsen and Boynton, 1969). The nature of this structure and the 
reason for its presence in certain plant and physiological types is highly 
speculative. 
Although several alternative prolamellar body structures are possi­
ble, they can all be observed within one species and several types are 
often seen within an individual etioplast (Gunning and Steer, 1975). It 
is likely that the observed prolamellar body structures represent stable 
conformations, i.e., once a particular type of lattice has been initiated, 
it is extended by growth of the existing configuration. If different 
types of prolamellar body merged during growth mixed lattices would be 
formed. In these cases, the symmetrical structure is continuous from one 
type of lattice to another. 
The function of the prolamellar body is not clear. Gunning and Jagoe 
(1967) proposed that the prolamellar body acts in the storage of membranes 
Figure 2.3. Prolamellar body building blocks: a, the cubic building 
block; b, the tetrahedral building block. (From Gunning 
and Steer, 1975) 
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such that after exposure to light the membranes of the prolamellar body 
are used directly in the development of primary lamellar membranes. They 
determined that the prolamellar body stores sufficient membranes for this 
purpose. In a more recent analysis, Gunning and Steer (1975) have calcu­
lated that the surface areas of cubic or tetrahedral prolamellar body 
lattice structures have a threefold greater surface to volume ratio than 
the rough endoplasmic reticulum. They point out, however, that if the 
prolamellar body were simply a repository for membrane storage a simple 
whirl of membranes would be more efficient. It seems reasonable, there­
fore, that some specific functions are associated with the membranes of 
the prolamellar body. Gunning and Jagoe (1967) noted that in some prepa­
rations one ribisome is observed in the stroma component within the cells 
of the prolamellar body lattice. Although they propose that these ribo-
somes may be important in stabilizing the prolamellar body, such an 
arrangement would provide an excellent system for rapid transport of newly 
synthesized proteins within the lattice system. By this mechanism sub­
stances synthesized in the stroma could rapidly be transferred to any part 
of the prolamellar body. Additional functional significance of the pro­
lamellar body relates to the observation that in dark-grown plants a large 
fraction of accumulated protochlorophyllide is bound in the prolamellar 
body membranes (Kahn, 1968). Protochlorophyllide localized in the pro-
lammelar body is associated with holochrome protein. Only protochloro­
phyllide associated with holochrome can be converted to chlorophyllide 
after exposure to light (see e.g., Bogorad, 1976). Assays of the quantity 
of holochrome per leaf indicate that within one order of magnitude the 
surface area of membranes available is similar to the area that would be 
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created if the holochrome molecules were arranged contiguously (Kahn, 
1968). Although protochlorophyllide is localized in the membranes of the 
prolamellar body in dark grown plants, the crystalline structure of the 
prolamellar body can be maintained in plants where no protochlorophyllide 
can be detected (Treffry, 1973; Michel-Wolertz and Bronchart, 1974). 
Thus the function of protochlorophyllide in organizing the structure of 
the prolamellar body remains uncertain. 
Aside from the conspicuous prolamellar body, several structures are 
apparent in electron micrographs of etioplasts. These include most 
notably lamellar membranes and osmophilic globules. 
In the development of etioplasts from proplastids Weier and Brown 
(1970) described the development and structure of lamellar membranes. In 
cells of two-day-old leaves of Phaseolus vulgaris, plastids are small and 
contain short stretches of lamellae attached to the inner plastid mem­
brane; prolamellar bodies were not observed. As the plastids developed 
and prolamellar bodies began to form it was clear that the lamellar mem­
branes formed were continuous from the inner plastid membrane to the pro­
lamellar body. These lamellae represent porous sheets of two parallel 
membranes enclosing an electron transparent space. In cross-section, 
these porous membranes look like rows of vesicles. Lamellar pores extend 
through both membranes with the membranes fused separating the intra-
membrane space from the stroma. The pores range in size from 150 to 500 
O 
A with irregular spaces between pores. These pores thus allow for flow of 
substances within the stroma. 
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In dark-grown plants, lamellar membranes do not possess the light-
trapping components needed for photosynthesis; however, they are often . 
seen associated with ribosomes forming a protein transport system that may 
be similar to the rough endoplasmic reticulum of the cytoplasm (Gunning 
and Steer, 1975). Thus the lamellar membranes allow for exchange and 
transport between the chloroplast compartments while maintaining the in­
tegrity of the individual components. 
Another etioplast component present in all stages of plastid de­
velopment but to a variable extent depending on the plants physiological 
state is osmophilic globules. Lichtenthaler (1968) has determined that 
the main components of isolated osmophilic globules are lipophilic plasto-
quinones. These represent normal lipid components of the electron trans­
port system of the photosynthetic apparatus. There is a correlation be­
tween the content of osmophilic globules and the development of chloro­
plast lamellae. If lamellar membrane synthesis is prevented or these 
membranes break down, there is an increase in number and volume of osmo-
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lamellar lipids are deposited in osmophilic globules and not in lamellae 
and thus represent a reservoir of excess lipids. 
Several components of etioplasts are common to all normal plastids. 
These include DNA, RNA, and rlbosomes, Involved in plastid autonomy, and 
other structures not relevant to the process of chloroplast development 
(see Gunning and Steer, 1975, for review). 
Etioplast development 
Numerous studies have dealt with aspects of the structure of etio­
plasts as seen in the previous section. These studies rely on the 
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electron microscope which by its nature provides only fragmentary evidence 
relating to a dynamic cellular process. Such fragments of information 
have been pieced together to provide insights into the nature of etioplast 
development. This process involves invaginations of either discrete 
vesicles (Wettstein, 1959) or flattened sheets of membranes (Weier and 
Brown, 1970) from the inner plastid membrane which contract and fuse to 
form the prolamellar body. Suzuki and Ueda (1974) have shown that the 
same process is involved in the formation of mesophyll and bundle sheath 
chloroplasts of maize. Rosinski and Rosen (1972) suggest that the vesi­
cles seen by Wettstein (1959) were the result of either poor fixation 
or cross-sections of the sheets of lamellae described by Weier and Brown 
(1970). These observations do little to resolve the principles underlying 
prolamellar body formation and stabilization. 
The most prevalent studies of chloroplast development involve the 
conversion of etioplasts to mature chloroplasts after exposure to light 
(see e.g., Wettstein, 1959; Laetsch and Price, 1969; Weier et al., 1970; 
Robertson and Laetsch, 1974, Suzuki, 1974). To summarize, this process 
involves dissociation of the prolamellar body after varying periods of 
time depending on the organism. Concomitant with, or sometimes preceding 
prolamellar body dispersal, is an increase in lamellar membranes. These, 
depending on the organism and cell type» stack to form grans in mesophyll 
cells of C3 and C4 plants and remain unstacked as parallel lamellae in 
bundle sheath plastids of C4 plants. 
Several studies of chloroplast development have been carried out in 
light-grown plants (see e.g., Robertson and Laetsch, 1974; Rascio et al. 
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1976; Suzuki and Ueda,. 1974). In most leaves, proplastids are 
converted directly to mature chloroplasts with no intervening stage of 
prolamellar body formation. Rascio et al. (1976), however, have 
found that in maize plants prolamellar bodies are formed in the basal 
areas of leaves approximately two centimeters above the meristem whether 
samples were fixed after 11 hours in light or 11 hours in darkness. 
Chloroplast development in pigment deficient mutants 
In hopes of deriving insights into the process of chloroplast de­
velopments many ultrastructural studies of pigment deficient mutants have 
been carried out. Several problems become apparent while reviewing the 
literature relating to this topic: 1. In much of the older literature 
the quality of micrographs is very poor and it is obvious that the materi­
al has been badly damaged in the fixation process. 2. Much of the infor­
mation is incomplete. In many ultrastructural studies, biochemical data 
are lacking and it is difficult to relate the structural defect to a 
specific developmental stage. Literature concerning the normal process 
of chloroplast development is sufficiently ambiguous that adding undefined 
lesions does little to explicate the process. With these limitations in 
mind, a brief review of the topic will be attempted. A large number of 
studies of light-grown mutant material have been carried out (see e.g., 
Wettstein, 1961; Goodchild et al., 1966: Bachmann et al.. 1967: Henningsen 
and Boynton, 1969; Shumway and Weier, 1967; Walles, 1967; Paolillo and 
Reighard, 1968; Troxler et al., 1969; Millard et al., 1969; Orsenigo and 
Marziani, 1971; Walles, 1971; Wettstein et al., 1971; Chollet and 
Paolillo, 1972; Miles and Daniel, 1974; Walles and Hudak, 1975). These 
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studies uniformly show that mutants that affect pigment accumulation also 
result in development of defective chloroplasts, but reveal little about 
the process of development. Dark-grown material has been useful in re­
lating mutant-lesions to the process of chloroplast development since 
under dark growing conditions the normal process of chloroplast develop­
ment is blocked and an alternative state of differentiation is achieved. 
This state is the result of accumulation of mature-chloroplast precursors. 
Since most of the mutants that have been studied that are chlorophyll de­
ficient in light accumulate protochlorophyllide in darkness (Smith et al., 
1959; Wettstein et al., 1971; Robertson et al., 1978), it is of interest 
to determine whether these defects affect the process of etioplast de­
velopment. Several mutants defective in carotenoid biosynthesis have been 
investigated in this regard. Etioplasts of a B-carotene-less mutant in 
sunflower (Walles, 1967), and the maize mutants w3 (Bachmann et al., 1967), 
cil (Bachmann et al., 1973; Robertson et al., 1978), ^  (Troxler et al., 
1969), and 1^  (Orsenigo et al., 1976) are capable of developing normal 
paracrystalline prolamellar bodies. Several maize mutants for which few 
biochemical data were reported, including wl5. 111 (Bachmann et al., 
1973; Robertson et al., 1978), vl8 (Chollet and Paolillo, 1972), vl7 
(Paolillo and Reighard, 1968), golden leaf (Orsenigo and Marziani, 
1971), develop nonparacystalline prolamellar bodies. These studies, how­
ever, were carried out under illumination and it is not known whether 
these mutants are capable of developing paracrystalline prolamellar bodies 
in complete darkness. The white stripes of maize i^  (Shumway and Weier, 
1967) and ^  (Orsenigo and Rascio, 1975) develop amorphous prolamellar 
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bodies within their etioplasts. Wettstein et al. (1971) reported a barley 
mutant defective in chlorophyll biosynthesis, xan-u (xantha), which 
accumulated some protochlorophyllide but could not convert it normally to 
chlorophyllide after exposure to light, developed nonparacrystalline pro-
lamellar bodies. Two maize mutants, Iwl (Bachmann et al., 1973) and y7 
(vp9) (Bachmann et al., 1969), and the barley mutants xan-b^  ^and -m^  ^
(Wettstein et al., 1971), which are capable of accumulating protochloro­
phyllide but with undefined lesions, develop paracrystalline prolamellar 
bodies in darkness. Wettstein et al. (1971) reviewed biochemical and 
ultrastructural data relating to dark-grown chlorophyll biosynthetic 
mutants of barley. Three leaky mutants with lesions affecting the chloro­
phyll pathway, xan-f^^, -g^^, and -1^  ^develop normal paracrystalline 
prolamellar bodies. Nonleaky mutants at the same loci with stringent de­
fects in the conversion of protoporphyrin IX to magnesium protoporphyrin, 
,10 .27 .60 37 38 , ,56 , ,  ^
xan-f , -f , -f , -g , -g and -h , develop no prolamellar bodies. 
Similarly, 1*-Blandy 4 in maize which has been reported to accumulate no 
protochloropliyllide in dim light, develops no prolamellar bodies under the 
same conditions (Bachmann et al., 1973; Robertson et al., 1978). Table 
2.2 presents a summary of the mutant information relating to stioplast 
development. It can be concluded from these studies that carotenoid bio­
synthesis is not essential for prolamellar body formation. Mutants that 
fail to make protochlorophyllide, on the other hand, do not develop pro­
lamellar bodies. Of the mutants with undefined lesions that are capable 
of forming protochlorophyllide, some develop crystalline prolamellar 
bodies while others do not. Mutants incapable of synthesizing proto-
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chlorophyllide, however, but developing internal membrane aggregations 
resembling prolamellar bodies have not been reported. 
Table 2-2- Summary of mutants that provide information relevant to the process of chloroplast 
development (see text for references); species other than corn are indicated in 
brackets 
Undefined lesions 
that do not directly 
interfere with 
pigment synthesis 
Enzymes or structural 
components that di­
rectly interfere with 
chlorophyll biosynthesis 
Disrupt 
prolamellar 
body 
Do not disrupt 
prolamellar 
body 
Disrupt 
prolamellar 
body 
Do not disrupt 
prolamellar 
body 
Enzymes or structural 
components that di­
rectly interfere with 
carotenoid biosynthesis 
Do not disrupt 
prolamellar 
body 
golden-leaf 
vl7 
vl8 
13 
wl5 
18 
xan-b (barley) 
xan-m^ ^(barley) 
xan 
^10,27,60 
(barley) 
xan_«37,38 
(barley) 
xan-h^^(barley) 
21 
xan-u (barley) 
xan-f^ (^barley) 
xan-g^ (^barley) 
xan-1^ (^barley) 
w3 
cll 
al 
Iz 
Iwl 
111 zZ. 
ij 3-caroteneless(sun­
flower) 
il 
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CHAPTER III. MATERIALS AND METHODS 
Plant Material 
Mutants, with the exception of oro2, were maintained by crossing 
heterozygous plants to an M14/W22 hybrid and self-pollinating the out-
cross. A heterozygous oro2 stock was obtained from the Maize Genetics 
Cooperation. Thus, with the exception of oro2, the backgrounds of these 
mutants are similar but highly heterozygous. Mutants listed in table 
3.1 were used throughout this investigation. 
Growth of Mutant Material for Pigment Determination 
Plants were grown in vermiculite at 26±2°C until the first two leaves 
were fully developed (11-14 days). Light-grown material was subjected to 
200 hectolux light with a 12-h light, dark cycle. Dark-grown material was 
illuminated only by dim green safelight when under observation to prevent 
conversion of protochlorophyllide to chlorophyllide. 
Classification of Dark-Grown Seedlings 
In complete darkness plants are etiolated and pale yellow. When 
seedlings had reached the desired developmental stage, the apical centi­
meter of the first leaf of each plant was placed in a moist illuminated 
chamber overnight. Normal plants generally turned sufficiently green to 
be distinguishable from mutants under these conditions. 
Table 3.1. Characteristics of the mutants investigated 
Locus Alleles 
(In light) 
phenotype Nature Source 
1*-Blandy4 
£Z 
113 
1*-Blandy4 
1*-Blandy3drk 
1*-EMS 1 
oy—1040 
oy-1039 
113-Neuffer2 
113-1050 
dark yellow 
dark yellow 
dark yellow 
dark yellow 
mutable 
recessive Blandy Exp. Farm, Univ. Va., 
irradiation 
Spontaneous from D. S. Robertson's 
1*-Blandy3 stock 
D. S. Robertson EMS mutagenesis 
recessive D. S. Robertson, mutator stock 
(Robertson, 1977) 
D. S. Robertson, mutator stock 
recessive M. Neuffer EMS mutagenesis 
(1*-E59) 
D. S. Robertson, mutator stock 
oro (oro-1) (oro-6577) 
oro-6474 
tan-necrotic 
poor leaf 
recessive Maize Genetics Cooperation 
oro-4889 development 
oro—64—4589—4 
oro-8081 
l=luteus; oro= orcbanche; oy=oll yellow 
Table 3.1. (Continued) 
Locus Alleles 
(In light) 
phenotype Nature Source 
oro 2 like oro some- recessive Maize Genetics Cooperation 
times less 
necrotic 
Orom - with oro, pro- dominant Segregated in some oro stocks 
duces a medi­
um yellow 
plant with 
greenish and 
necrotic bands 
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Feeding of ALA 
Detached shoots were placed in 75-mm test tubes containing O.OIM 6-
aminolevulinic acid-HCl (Sigma) in distilled water (3 leaves/tube). Feed­
ing was carried out in a dark growth chamber at 26±2°C for 24 h unless 
otherwise specified. 
In vivo Spectroscopy 
Spectra of appropriately treated seedlings were obtained with a 
Bausch and Lomb spectronic 505 with a reflectance attachment. (An indi­
vidual leaf was placed between two layers of Whatman #1 filter paper, the 
inside sheet having a 9-mm diameter hole. Thus, the beam reflected 9-mm 
of leaf and the filter paper background.) Such spectra were used for 
qualitative purposes only. 
In vitro Spectroscopy and Quantitation of Pigment Mixtures 
Leaves of each plant were individually wrapped in tared aluminum foil 
and weighed. Thus, each plant was an experimental unit. Pigments were 
extracted in approximately 8 ml of 80% ammoniacal acetone (8 acetone: 
2 0.1 N aqueous ammonia) per gram of leaf tissue in a Kontes homogenizer 
in darkness at 4°C. The leaf material was removed by centrifugation at 
10,000 rpm for 10 min, after which the volume was accurately determined. 
To approximate pigment concentrations of dark-grown plants, the molar 
extinction coefficients reported by Kahn et al. (1976) were used (Table 
3.2). 
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Table 3.2. Milllmolar extinction coefficients used to calculate pigment 
concentrations. (Kahn et al., 1976) 
Millimilar extinction coefficients 
Wavelength(im) Protochlorophyllide Protoporphyrin IX Mg-Protoporphyrin 
628 31.1 5.5 0.5 
590 5.9 3.2 17.9 
575 10.7 7.5 4.4 
Table 3.3. Absorption maxima in ether of pigments eluted from thin 
layer chroraatograms. 
Pigment Observed maxima(nm) Maxima reported(nm) 
Protoporphyrin IX^ 632, 
403 
575, 535, 503, 633, 576, 536, 503, 404 
(Jones, 1963) 
Protoporphyrin 
monomethyl ester 
632, 
401 
575, 534, 500, same as protoporphyrin IX 
(Jones, 1963) 
Mg-pro t oporphyrin 589, 549, 416.5 589, 551, 419 
(Granick, 1948) 
Mg-protoporphyrin 
monomethyl ester 
589, 549, 415 same as Mg-protoporphyrin 
Protochlorophyllide 623, 571, 533, 432 623, 571, 535, 432 
(Koski, and Smith 1948) 
A^n additional absorption peak at 666 nm has been observed in the 
protoporphyrin IX of oro. The significance of this is unclear. 
41 
The components of a given mixture had previously been determined by 
thin-layer chromatography. At least four replicates of each mutant were 
carried out and the standard errors were determined to account for in­
herent errors in the spectrophotometric procedures as well as for biologi­
cal differences among leaves. To determine the reliability of these 
methods, an experiment using normal dark-grown barley (Hordeum vulgare 
South Dakota cultivar) fed ALA for 24 h was carried out (3 leaves per 
replicate). In these plants, 108±13 nm/gm of porphyrins were accumulated, 
of which approximately 97% was protochlorophyllide. This compares favora­
bly with the values reported by Cough (1972) and leads to the conclusion 
that the results reported here may be compared directly with those re­
ported in barley. 
The equations of Arnon (1949) were used to determine the approximate 
amounts of chlorophyll in light-grown plants. 
Thin-Layer Chromatography 
Chromatography was carried out in 10 x 10 x 30 cm chambers on Gelman 
ITLC chromatography media. The solvent used was 2, 6-Lutidine: H^O (6:1) 
with a 15 ml tube of 30% ammonia suspended in the chamber. Absolute 
localization of pigments was not possible with this system but the rela­
tive positions were the same as those reported by Cough (1972) (Figure 
3.1). To determine more precisely their nature, the pigments were eluted 
and absorption maxima determined (Table 3.3), or cochromatographed with 
previously characterized pigments. 
42 
nfti'otllitniftfttnimbrtt^ i tttiî^ ' 
Solvent Front 
Magnesium Protoporphyrin Monomethyl Ester 
Protochlorophyllide 
Protoporphyrin Monomethyl Ester 
Magnesium Protoporphyrin 
Protoporphyrin IX 
Origin 
Figure 3.1. Thin layer chromatogram of pigments extracted•from 
oro:Orom seedlings fed S-aminolevulinic acid. 
Preparation of Material for Electron Microscopy 
For electron microscopic purposes, plants were germinated in light, 
classified before the first leaf had emerged from the coleoptile, and 
transferred to a dark growth chamber at 26±2°C. The total growth period 
was 8-10 days. Samples 1-2 mm across were taken from the second leaves 1 
cm from the leaf tip with a razor blade and placed Immediately into fixa­
tive for 24 h at 26±2°C. Several fixatives were used, although excellent 
fixation of etloplasts was always obtained. The specific fixative used in 
each case is indicated in the figure heading. The initial fixation was 
carried out under dim green safelight; subsequent procedures were carried 
out in room light at room temperature. Samples were rinsed 3 times in the 
phosphate buffer used for fixation and postflxed for 1 h in phosphate 
buffered osmium tetroxide. Samples were rinsed in distilled water, de­
hydrated with ethanol, transferred to propylene oxide, and embedded in 
Epon 812. Thin sections were cut with a LKB, UMIII, supported on uncoated 
grids, stained with uranylacetate (20% aqueous, 15 min) and lead citrate 
(10% methanolic, 3 min) and observed with a Hitachi HUllC. 
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CHAPTER IV. GENETIC STUDIES OF THE CHLOROPHYLL 
BIOSYNTHETIC MUTANTS OF MAIZE 
Introduction 
In maize, a large number of mutants showing reduction in pigment 
content is available. Phenotypically, these can be divided into two broad 
categories: (1) viable, and (2) lethal. Viable pigment deficient mutants 
have been given a variety of designations including virescent, oil-yellow, 
and golden. These, although all showing reduced pigment at some point in 
their life cycle, generally develop sufficient chlorophyll to allow them 
to develop to maturity. The lethal mutants can be divided into three 
categories: albino, luteus, and yellow necrotic. However, in each cate­
gory there is a significant amount of heterogeneity. In pursuing a study 
of the chlorophyll mutants it seemed likely that the lethal mutants would 
be defective in chlorophyll synthesis> Further; other studies have indi­
cated that the albino mutants are generally not defective specifically in 
chlorophyll biosynthesis,but were either defective in carotenoid biosyn­
thesis or some undefined aspect of chloroplast development (Smith et al., 
1959; Wettstein et al., 1971; Robertson et al., 1978). The extensive 
studies of the chlorophyll biosynthetic mutants of barley revealed that 
the xantha or yellow seedling mutants are defective in chlorophyll bio­
synthesis (Wettstein et al., 1971; Gough, 1972). No reports of yellow-
necrotic mutants have appeared in the literature. TWo large classes 
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of mutants, the yellow, and yellow-necrotic types, represent possible 
sources of chlorophyll biosynthetic mutants. 
In this investigation, a genetic analysis of mutants defective 
specifically in chlorophyll biosynthesis was initiated. Mutants of the 
dark-yellow, and yellow-necrotic types were investigated. These were 
firstly distinguished into complementation groups, and secondly, where 
possible, characterized genetically with respect to chromosome arm and 
location. The results presented in this report represent what will 
hopefully be an ongoing genetic analysis of the chlorophyll biosynthetic 
mutants. 
Results 
Luteus mutants 
Originally, 7 dark-yellow mutants (Figure 4.1) were obtained, 
1*-Neuffer2 (E-59), 1*-1050. 1*-Blandy4, 1*-EMS1. 1*-Blandy3 drk, 
1*-1040, and 1*-1039. In order to determine the number of loci con­
ferring the dark-luteus phenotype these mutants were allele tested 
(Table 4.1). An allele test of 1*-Neuffer2 (E-59) with 1*-1050 had 
previously been carried out Independently (Table 4.2). All possible 
allele tests of 1*-Neuffer2 (E-59) and the other luteus mutants were 
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a 
Figure 4.1. Photograph of 113 and a normal sib illustrating the typical 
luteus phenotype. 
Table 4.1. Allele tests of luteus mutants 
Female parent 
Male parent 1&-EMS1 1*-Blancly4 1*-Blandy3 drk 1*-1040 1&-1039 1*-Neuffer2 (E59) 
110 0/20* 0/16 0/21 0/21 0/17 _b 
1*-EMS1 - 8/15 2/9 0/12 0/13 0/12 
1*-Blandy4 - - 5/11 0/12 0/10 0/7 
1*—BlandyS drk - - - 0/8 0/8 0/6 
1*-1040 - - - - 2/5 0/6 
lA-1039 
- -
-
-
- 0/12 
^ Number of segregating females/number of crosses involving a known heterozygous male. The prob­
ability of allelism in negative tests is<0.01, while the probability of allelism in positive 
tests is 1. 
1*-Neuffer2 (E59)was not tested with 110 because they were known to be located on different 
chromosomes• 
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Table 4.2. Allele test of 1*-Neuffer2 (E-59) with 1*-1050 
Number of crosses Number of 
involving one known positive Probability 
Cross^ heterozygous parent tests of allelism 
1*-Neuffer2 (E59)/+ 
X 1*-1050/+ 8 4 1 
^Crosses were made reciprocally. 
carried out. One medium yellow mutant, 110 was included in this allele 
test because it is well characterized genetically and because genetic 
background differences sometimes account for phenotypic differences among 
mutants. It is clear from the data presented in Table 4.1 that the dark-
luteus mutants presently available are divided into three complementation 
groups, 1*-Blandy 4, 1*-Neuffer2 (E-59) and 1*-1040, which are comple­
mentary to the medium yellow mutant 1-10. 
The dark-luteus mutants were localized to chromosome arms using TB 
tester stocks. With each mutant positive tests were obtained with only 
one translocation (Table 4.3). Although definitely positive, the test 
with 1*-Blandy 4 does not distinguish whether the gene is located on IL or 
5S. Only four negative tests of 1*-Blandy 4 with TB-lLa have been ob­
tained. Further crosses of 1*-Blandy 4 with TB-lLa and other genetic tests 
are needed to place this mutant more precisely. 
Because 1&-1040 and 1*-1039 were located on the short arm of chromo­
some 10 they were allele tested with o^  (oil yellow), which is known to be 
located in this arm (Table 4.4). The oil yellow mutation is a viable 
lesion that reduces chlorophyll pigmentation resulting in a yellow-green 
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Table 4.3. Results of positive TB tests'^  
Mutant TB tester Breakpoint 
Number of 
positive tests^ 
1*-Blandy4 
1&-1040 
TB-lLa-5S-8041 
TB-lOSc 
1*-Neuffer2 (E-59) TB-10L19 
lL.2,lL.8,5s.l 
between ^ 2 C 
Ccd 
between C and zn 
13 
7 
6 
A positive test represents a cross from which several progeny ex­
hibit the luteus phenotype. 
Robertson (1976). 
'C = centromere. 
Beckett (1973), 
'Lin (1974). 
Table 4.4. Allele tests of 0% with 1*-1040 and 1&-1039 
Luteus parent 
oy parent 1*-1040 1*-1039 
oy/oy n 4/4 2/2 
oy/oy male 12/16 4/9 
^In crosses where oy/oy was the female parent the luteus parent was a 
known heterozygous male parent. 
^No. of positive tests/No. of crosses involving one known carrier. 
plant color which persists to maturity. The o][ stock used in this allele 
test was homozygous. On the basis of this test the luteus alleles of oy 
were redesignated oy-1040 and oy-1039. 
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Biochemically, oy-1040 is distinguishable from oy-1039, i.e., oy-1039 
produces some chlorophyll (is leaky), while oy-1040 makes no chlorophyll 
(is nonleaky). Since these alleles were derived from closely related 
sources of the mutator line (Mu) (Figure 4.2) the possibility that they 
arose from a single mutation event with a modifier gene in the leaky stock 
had to be examined (Tables 4.5, 4.6, and 4.7). 
Table 4.5. Tests for an oy modifier 
Results expected of self-pollinated F^ 
plants if leakiness is a characteristic of 
Cross or transmitted with the oy-1039 allele 
+-1039 oy-1040 
4-1039 ^  +-1040 
F^  ® 1/2 only green seedlings; 
mutant seedlings 
1/2 seg. nonleaky 
oy-1039 oy-1040 Normal 1/3 only green seedlings; 1/3 seg. leaky 
+-1039  ^4-1040 Fi® ' mutant seedlings; 1/3 seg 
seedlings 
. nonleaky mutant 
oy-1039 
4-1039 
4-1040 
 ^4-1040 F^  ® 
1/2 only green seedlings; 
mutant seedlings 
1/2 seg. leaky 
If the leakiness of oy-1039 were due to an independent modifier, self-
pollinations of all of these combinations would give rise to a 3:1 segre­
gation of leaky to nonleaky seedlings among mutants (Table 4.6). Thus, 
segregation of leaky and nonleaky seedlings in any of the crosses is ade­
quate to demonstrate the presence of a modifier gene. The results (Table 
4.7), although not as expected, are explainable only if the leakiness is a 
characteristic of or transmitted with (as in the case of a closely linked 
modifier) the oy-1039 allele. 
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Table 4.6. Test for an oy modifier 
Results expected of self-polllnated 
plants tFnïë^y-^IU39~ba^groundns 
modified by a dominant independent modi­
fier gene Cross 
+-1039 M oy-1040 m 
+-1039'M * +-1040 'm 
1/2 only green seedlings:1/2 seg. 12 
green:3 leaky mutant;1 nonleaky mutant 
seedlings 
oy-1039 M oy-1040 m 
4-1039 'M ^  +-1040 'm 
Normal 1/3 only green seedlings:2/3 seg. 12 
green:3 leaky mutant :1 nonleaky mutant 
seedlings 
oy-1039 M +-1040 m 
+-1039 'M * -1040'm 
1/2 only green seedlings:1/2 seg. 12 
green:3 leaky mutant :1 nonleaky mutant 
seedlings 
Table 4.7. Results of tests for an oy modifier 
Cross Family 
Plants tested 
No not seg. 
£1 
No seg. 
22. 
Phenotype of mu­
tant seedlings 
tested from seg­
regating ears 
+-1039 oy-1040 P ® 1 
J 1 mn ^ I 1 r\/ .n ± 
oy-1039 oy-1040 Normal 1 
+-1039 ^ +-1040 F^ ®  ^
oy-1039 +-1040 F ® 1 
+-1040 ^ +-1040 — 
5 8 all nonleaky 
12 4 all nonleaky 
12 5 all leaky 
7 10 8 all leaky 
2 all nonleaky 
9 9 all leaky 
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66-9006-1• 
71-9270-5-
I 
-71-8269-9 
1® 
all green 
I 
74-1039-4 
segregating 
for oy-1039 
allele 
•66-8006-2 
all green 
I  
72-1040-4 
1® 
segregating 
for oy-1040 
allele 
I 
72-2041-7-r 72-1041-6 
I® 
all green 
1 
51 other 
74-1038(7) 
74-1039(5) 
72-3134(39) 
( 
73-7517-2 
@ 
/ 
segregating 
for 1 on lOS 
70 other 
67-1004(10) 
71-8269(6) 
72-1040(8) 
72-1041(4) 
72-3225(42) 
1 
43 other 
73-7517(43) 
Figure 4.2 . Pedigree of oy-1040 and oy-1039. 
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One problem encountered when working with oy-1040 (and other mutants 
predominantly in old seed) is an aberrant ratio of mutants to normal 
seedlings, i.e., there is a deficiency of mutant seedlings. It seems that 
mutant seeds often fail to germinate. To confirm this, a number of seeds 
and seedlings were counted (Table 4.8a). 
Table 4.8a. Segregation of oy-1040 and oy-1039 
No. of 
No. of seedlings 
2 Ungerminated 
Mutant seeds Green Yellow Total X (3:1) P seeds 
oy-1040 596 415 41 456 62 <.0001 140 
oy-1039 — 187 72 259 1.5 .5>P>.3 -
It is clear that among the germinated oy-1040 seedlings there is a 
significant deviation from the expected 3:1 ratio. Indeed, a closer fit 
2 is achieved to a 15:1 ratio (X (15:1) = 5.8; .2>P>.05). Twenty-six per­
cent of the seeds, however, failed to germinate. Assuming a 3:1 ratio of 
noriasl to mutant seedlings is expected in this situation, one can predict 
that among the nongerminated seeds the majority must be homozygous for 
oy-1040 (Table 4.8b). Ninety-three percent (±2.4%) of the normal seedlings 
germinated while only 28+7.4% of the mutant seeds germinated. Thus, the 
aberrant ratio observed with this mutant can be attributed to poor germi­
nation of mutant seeds. On the other hand, the data presented in Table 4.8a 
could be interpreted to represent a 15:1 ratio of green to yellow seed­
lings with generally poor germination. This would indicate that the ex­
pression of the nonleaky o^ phenotype required homozygosity for duplicate 
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Table 4.8b. Effect of poor germination on the ratio of normal to mutant 
seedlings in self-pollinated progeny of oy-1040/+ plants 
Number Expected Percent 
Phenotype observed number Deviation germination 2(SD) 
Green 
Yellow 
Total 
415 
41 
456 
447 
149 
596 
32 
108 
140 
93 
28 
77 
2.4 
7.4 
3.4 
genes that have no phenotypic effect when present alone. To rule out this 
possibility several genetic tests have been carried out (Tables 4.9 and 
4.10). 
Table 4.9. Outcross data of heterozygous oy-1040 and oy-1039 plants to a 
standard M14/W22 line 
Allele 
Plants tested 
Total Green Seg oy X^ (l:l) 
oy-1040 
oy-1039 
41 
T7 
11 30 17.32 P<.005 
Table 4.10. Results of crosses of homozygous o^  with heterozygous oy-1040 
and oy-1039 plants 
Seedlings counted 
All al £» X^(i;l) 
oy-1040 
oy-1039 
227 
132 
96 
70 
131 
62 
5.4 
0.48 
.05>P>.02* 
.5>P>.3 
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The data clearly Indicate that the nonleaky phenotype is trans­
mitted as a single allele,and on the basis of the limited data at hand, 
seems to be transmitted preferentially compared with the normal allele. 
Further tests will be needed to explain the anomalous behavior of the 
oy-1040 allele. 
The genetic analysis of 1*-Neuffer2 (E-59) has been carried out to a 
considerable extent. Recombination data with two reciprocal transloca­
tions were obtained (Table 4.11). 
Table 4.11. Recombination data of 1*-Neuffer2 (E-59) with T5-10 4384 and 
T5-10 5358 
Translo­ Chromosome 10 Total Classes Rec. 
cation breakpoint^ progeny T+ +1 T1 ++ freq. SE 
5-10 4384 10L.79 433 128 132 77 97 .394 .023 
5-10 5358 10L.76 394 146 167 34 47 .183 .019 
\ongley, 1961 
To localize this gene more specifically a four point test cross of 
1*-Neuffer2 with ^  R and sr2 was carried out (Table 4.12). These data 
place 1*-Neuffer2 (E-59) at position 87 on the chromosome 10 linkage map. 
(Figure 4.3). On the basis of this information and in the absence of an 
12 stock (Lambert, personal communication. Department of Agronomy, 
University of Illinois, Urbana, 1977), this mutant has been assigned 
the permanent designation 113. 
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Table 4.12. Localization of 1*-Neuffer2 (E59) on chromosome 10; 
^ R + sr2 
genotype 
+ r 1 + 
Genotype Region Number 
 ^R + sr2 
+ r 1 + 
parental 85 
122 
+ R + sr2 
17 
33 
I R  1  +  
+ r + sr2 55 
57 
£R + + 
+ r 1 sr2 10 3 
 ^ + sr2 
+ R 1 + 
 ^R 1 sr2 
+ r + + 
1-2 
2-3 
0 
2 
3 
2 
B. L 1. 
+ R + + 1-3 2 
1 
Total 392 
Region 
1 
2 
3 
Total 
recombination 
frequencies^  
.1397 
.3016 
.0454 
SE 
.0174 
.0231 
.0105 
S^ee Phillips (1969) for procedure used in calculations, recombina­
tion values and standard errors. 
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Figure 4.3. Genetic (left) and cytogenetic (right) maps of the long 
arm of chromosome 10 (see Longley (1961) for transloc­
ation breakpoints). 
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Orobanche mutants 
A number of orobanche mutants (Figures 4 . 4 ,  and 4.6) apparently 
uncharacterized genetically was obtained from the Maize Genetics Coopera­
tion: oro 1-6577, oro-4889, oro-8081, 6ro 6474, oro-64-4589-5, oro 2. A 
mutant simply labeled oip had previously been obtained by D. S. Robertson 
from the same source (personal communication, Department of Genetics, Iowa 
State University, Ames, 1974). In order to clarify this situation allele 
tests of these mutants (excluding oro 1-6577) were carried out. On the 
basis of their superficial phenotypic resemblance sienna, and 1&-4923 were 
included in this test (Table 4.13). It is clear that the orobanche mu­
tants represent two loci that are genetically distinct from sienna and 
lA-4923. 
Two attempts to localize oro using tB testers failed and no further 
linkage studies of the orobanche mutants have yet been carried out. 
A modifier gene, Orom, which gives oro a luteus phenotype (Figure 4.5), 
and alters its biochemical characteristics has been investigated. This 
modifier is dominant, and is genetically independent of oro (Table 4.14) 
No obvious phenotypic effect of Orom is seen in normal plants. The 
effect(s) of Orom or oro2 and the extent of its presence in normal stocks 
has not been investigated. 
Discussion 
The dark-luteus mutants presently available represent three loci, 
1*-Blandy4. 113, and o^, located on different chromosome arms. TB 
translocation data reveal that 1*-Blandy4 is uncovered by TB-lLa-5S8041 
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Figure 4.4. Photograph illustrating the phenotype of oro. 
If;: , . y- #^#s - ' -• iH 
am* 
Figure 4.5. Photograph illustrating the phenotype of oro:Orom, a 
modified oro seedling. 
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Figure 4.6. Photograph illustrating the phenotype of oro2. 
Table 4.13. Allele tests of orobanche, sienna, and l*-4923 
Female parent 
Male parent oro-8081 oro-6474 oro-64—4589-4 bro oro2 l*-4923 sienna—yel nec 
oro-4889 8/10* 5/8 8/10 3/6 0/5 0/8 0/5 
oro-8081 
-
8/10 4/7 4/6 0/5 0/14 0/9 
oro-6474 - - 9/14 8/12 0/7 0/12 0/11 
oro—64—4589—4 
- -
- 1/4 0/5 0/6 0/6 
oro 
-
— 
- - 0/5 0/6 0/5 
oro 2 - - - - - 0/4 0/7 
l*-4923 - - - - - - 0/8 
^No. of segregating females/number of crosses involving a knoun heterozygous male. 
Table 4.14. Evidence that Orom is a dominant independent modifier of oro 
Seedlings counted 
2 
Test Total Green Modified Necrotic X P 
702 534 120 48 1.56(12:3:1) .5>P>.3 
+ orom 
o^ Orom o^ oroin 428 336 39 53 4.64(6:1:1) .2>P>.05 
+ 'orom + 'orom 
^The unmodified oro sources represent a total of seedlings counted from crosses of the various 
oro alleles to oro/+:Orom/orom plants used in allele tests. 
ON 
ro 
This test places the gene either on the short arm of chromosome 5 or the 
long arm of chromosome 1 in the region between the original Â-B breakpoint 
and the site of the crossover that gave rise to the compound transloca­
tion. At this time only four negative tests of 1*-Blandy 4 with Tb-lLa 
have been obtained. Further genetic tests will be needed to specifically 
localize the gene, but at this point it seems likely that 1*-Blandy 4 is 
on the short arm of chromosome 5. 
The mutant 113 is located on the long arm of chromosome 10. An 
attempt was made to locate a stock of 12, presumably mapping in the region 
of 113. Unfortunately, no stock of this mutant is available. The re­
ciprocal translocation data obtained with two 5-10 translocations present 
an ambiguity in the cytogenetic map of the long arm of chromosome 10, 
i.e.,T5-10 5358, with a lOL breakpoint of .76 cytologlcally, undergoes 
recombination with 113 at a rate of 18%, whileT5-10 4384, with a lOL 
breakpoint of 0.79 cytologlcally recombines at a rate of 40%. Two ex­
planations for these results are; 1) incorrect cytological localization 
of one or both translocation breakpoints, or 2) heterozygosity of T5-10 
5358 Interferes with crossing over to a greater extent than does hetero­
zygosity of T5-10 4334. 
At the 02 locus, a number of alleles have been identified. The 
original allele is a recessive visible lesion that imparts a yellow-
green plant color persisting to maturity. The oy-1040 and oy-1039 alleles 
identified in this investigation are recessive seedling lethal in charac­
ter. With oy-1040 germination of mutant seeds is often very poor due 
presumably to some undefined plelotropic effect of the lesion. Two addi­
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tional alleles Identified by M. Neuffer (personal communication. Depart­
ment of Agronomy, University of Missouri, Columbia, 1977), Oy-yg-700 and 
Oy-yg-1459, are dominant visible-recessive seedling lethals, i.e., hetero­
zygous plants exhibit a yellow-green plant phenotype that persists to 
maturity, while homozygous mutant seedlings are dark-yellow in phenotype. 
Neuffer has indicated that in Oy-yg-700, homozygous mutant seeds fail to 
germinate in a manner similar to oy-1040. This is the only known locus of 
maize in which a multiple allelic series ranging from viable to lethal 
types has been characterized, and illustrates that care must be taken in 
classification and characterization of phenotypically unlike mutants. 
Since oy-1040 and oy-1039 arose from closely related sources of the 
mutator line, it seemed possible that they resulted from a single mutation 
event. The two alleles, however, are inherently different, i.e., oy-1039 
is leaky and oy-1040 is nonleaky. Further, other plants which should be 
segregating for an o^ allele according to the pedigree (if the two mutants 
arose simultaneously) do not show the trait. This might be explained if 
germination of mutant seedlings were completely suppressed in these fami­
lies. Thus, to determine whether the mutant gene is present in the back­
ground in a nonexpressed form, one need only cross one of the putative 
heterozygous plants to o^ , which should allow good expression of the 
traite 
The behavior of the oy-3.04Q allele does not seem to follow the ex­
pected mendelian pattern. In testing the oy-1039 background for a modi­
fier gene, the first experiment showed 17 families not segregating for 
oy-1040 and 12 segregating for the nonleaky allele. This does not deviate 
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significantly from the expected 1:1 ratio (X = .88, .5>P>.25). In out-
crosses to standard (M14/W22) plants 11 families not segregating and 30 
families segregating for oy-1040 were observed. This deviates from a 1:1 
2 
ratio (X =17.32, P<.005) and indicates preferential transmission of 
the mutant allele. These results may be explained on the basis of samp­
ling error due to small sample size. If the results of both experiments 
are combined the ratio of segregating to nonsegregating plants does not 
2 deviate significantly from a 1:1 ratio (X = 2.8, .1>P>.05). In an inde­
pendent experiment crossing oy-1040 to o^, however, the oy-1040 allele 
2 
again seems to be transmitted preferentially (X = 5.4; .05>P>.02), 
Further genetic tests are needed to determine whether oy-1040 is con­
sistently transmitted preferentially. 
The orobanche mutants represent 2 loci, o^and oro2 • These genes 
have not been localized to chromosome arms. Phenotypically, oro and oro2 
are yellow to tan-necrotic when grown in light. Leaf material that de­
velops bleaches in a crossbanded pattern corresponding to the light-dark 
cycle. In general, oro2 is less extreme in phenotype than oro. In one 
oro2 stock obtained from the Maize Genetics Cooperation a luteus pheno­
type was observed. The necrosis of orobanche plants is due to light 
sensitivity. If plants are grown in complete darkness normal leaf tissue 
develops. 
A dominant independent modifier gene, Orom, found in an oro stock 
gives oro seedlings a more normal leaf appearance with some bandlike 
necrosis when grown at 200 hectolux with a 12 hour light-dark cycle. If 
oro ; Orom plants are grown in dim light (50 lux), a considerable amount of 
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chlorophyll is visible. On the other hand if these plants are grown at 
200 hectolux continuous illumination, the leaves are completely necrotic 
and have the appearance of unmodified oro seedlings. The effects of Orom 
or oro2 and normal plants and the extent of its presence in normal corn 
stocks have not been studied. 
The presence of a modifier gene in normal stocks has been reported in 
the case of the cl modifier (Clm) (Robertson, 1966; Robertson et al., 
1966). Four different Clm alleles have been reported each capable of 
correcting the lesion of the cl locus (an albino) to a different extent 
ranging from slight greening to a completely normal phenotype. It is be­
lieved that Clm affects chlorophyll synthesis secondarily, its primary 
effect being correction of a carotenoid defect. 
Aside from their general interest in understanding maize genetics, 
these and other similar mutants may be helpful in achieving a better 
understanding of the process of chlorophyll biosynthesis. The present 
investigation has laid the groundwork for further genetic and biochemical 
investigations of the chlorophyll biosynthetic mutants of maize. 
Summary 
The mutants analyzed in this investigation are summarized in Table 
4.15. Mutants at three loci can express the dark-yellow phenotype: 
1*-Blandy 4, oy, and 113. The locus represents the first report of 
variation of mutant alleles from the viable to the lethal type. This, 
however, is probably due to the fact that it is generally assumed that 
such variations do not exist and are, therefore, not tested. The oro-
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banche mutants represent two loci, oro represented by 6 mutant alleles and 
oro2 represented by only 1 mutant allele. A modifier gene, Orom, found 
segregating in some oro stocks leaves open the possibility that other loci 
may be subject to similar modification. 
Table 4.15. Summary of genetic studies on the chlorophyll biosynthetic 
mutants 
Locus Alleles Chromosome and (Arm) 
1*-Blandy4 
9L 
113 
oro 
1*-Blandv4 
1*-Blandy3 drk 
1*-EMS1 
OX; 
oy-1040 
oy-1039 
113-Neuffer2 
113-1050 
oro 
(oro-6577) 
oro-6474 
oro-4889 
oro-64-4589-4 
oro-8081 
5(S) 
10(S) 
10 (L) 
oro2 oro 2 
Orom Orom 
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CHAPTER V. AN ANALYSIS OF PRECURSORS ACCUMULATED BY 
SELECTED PIGMENT DEFICIENT MUTANTS BY MAIZE 
Introduction 
The study of mutants reduced in their ability to synthesize the final 
product has been instrumental in elucidating the chlorophyll biosyn­
thetic pathway (see Literature Review for summary). Such studies were not 
readily carried out in higher plants because mutants generally do not 
accumulate significant quantities of precursors. The observation by 
Granick (1959) that detached dark-grown barley shoots fed ô-aminolevulinic 
acid (ALA) accumulate significant quantities of chlorophyll precursors 
opened the way to mutant investigations in higher plants. The only syste­
matic study of the chlorophyll biosynthetic mutants in higher plants has 
been carried out in barley (Jjettstein et al., 1971, 1974; Gough, 1972; 
Kahn et al., 1976). 
A study of several chlorophyll biosynthetic mutants in corn is pre­
sented in this report. A preliminary analysis of a number of mutants re­
vealed that only the dark-yellow and orobanche types showed significantly 
aberrant precursor accumulation. Thus, these were selected for a more 
extensive analysis of their precursor accumulation. 
Results 
Screening of mutants 
Initially, a number of mutants was screened by growing families 
segregating for a luteus mutant in darkness. Plants were screened as 
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indicated in Chapter III and either harvested unfed or fed ALA. Pigments 
accumulated by such plants were then examined by either vitro or in 
vivo spectroscopy to determine whether the patterns of precursor accumula­
tion in mutant seedlings were similar to those of normal controls. Table 
5.1 presents the results of these experiments. The pale-yellow and albino 
mutants examined exhibit approximately normal accumulation of protochloro-
phyllide with perhaps a slight increase in protoporphyrin IX as evidenced 
by the accentuation of the peak at 535 nm (Exp. 1-19). Streptomycin, a 
chloroplast ribosome inhibitor, causes overall reduction in carotenoids 
and chlorophyll precursors but does not interfere directly with chloro­
phyll biosynthesis (Exp. 16). This indicates that the chlorophyll bio-
synthetic enzymes are not only encoded in nuclear genes but translated on 
cytoplasmic ribosomes. Only the dark-yellow (Exp. 20 to 22) and orobanche 
(Exp. 23 to 25) mutants directly influence the accumulation of chlorophyll 
precursors. 
Although seemingly not defective specifically in chlorophyll biosyn­
thesis, two mutants, 110 and wl5 were used throughout the biochemical 
studies for two reasons; 1) they are genetically well characterized, 2) 
stocks of these mutants in coupling with 2 are available, thus barring 
crossovers, pale-yellow seeds are also homozygous for the seedling muta­
tion, These stocks, therefore, were useful in the development of analyti­
cal procedures. 
Results of biochemical studies of selected luteus mutants 
Light-grown material The extent of the reduction in chlorophyll 
in the luteus mutants is readily seen in Table 5.2. The mutants 110, wl5, 
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Table 5.1. Summary of mutants screened 
Chrom. & Light-grown Preliminary method and re-
Exp. Mutant (arm) phenotype suit with dark grown seedling 
1 1*-Blandy3 6(1) 
2 wl4 6(L) 
3 l*-4920 6(L) 
4 l*-1049-2 
5 1)^ -EMS2 
6 1*-EMS3 8(L) 
7 1&-3112-13 
8 1*-3132-13 10 
9 sn-vel nec 8(L) 
10 yel-dwf 
11 py*-60-1106 
pale-yellow, 
with green 
albino 
pale-yellow 
with green at 
leaf tips 
pale-yellow 
with green at 
leaf tips 
pale-yellow 
with green 
pale-yellow 
pale-yellow 
mutable 
pale-yellow 
with green 
yellow-green, 
necrotic 
pale-yellow, 
dwarf 
pale-yellow 
in vitro spectra, unfed, 
same as normal; fed ALA, 
slight increase in proto­
porphyrin IX 
in vitro spectra, unfed and 
fed ALA, same as normal 
in vitro spectra, unfed and 
fed ALA, same as normal 
in vivo spectra, unfed, re­
duced protochlorophyllide, 
fed ALA, slight increase in 
protoporphyrin IX 
in vitro spectra, unfed and 
fed ALA, same as normal 
in vivo spectra, unfed, re­
duced protochlorophyllide, 
fed ALA, normal 
in vitro spectra, unfed and 
in vivo spectra, unfed and 
fed ALA, normal 
in vitro spectra, fed ALA, 
normal 
in vivo spectra unfed, re­
duced protochlorophyllide, 
fed ALA, normal 
in vivo spectra, unfed, re­
duced protochlorophyllide, 
not converted normally to 
chlorophyllide after expo­
sure to light; fed ALA, same 
33 normal 
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Table 5.1. (Continued) 
Chrom. & Light-grown Preliminary method and re-
Exp. Mutant (arm) phenotype suit with dark grown seedling 
12 l*-4923 yellow-green vivo spectra, unfed and 
fed ALA, same as normal 
13 lA-3124-6 
14 py*-62-4106 
15 1*-3108-18 
16. streptomycin 
treatment 
17 13 
18 110 6(L) 
19 wl5 6(L) 
20a 1A-Blandy4 5(S) 
b 1*-EMS1 
c 1*-Blandy3drk 
pale-yellow 
with green 
pale-yellow 
pale-yellow 
pale-yellow 
pale-yellow 
medium-yellow 
pale-yellow 
dark yellow 
in vivo spectra, unfed and 
fed ALA, same as normal 
in vivo spectra, unfed, re­
duced protochlorophyllide; 
fed ALA, same as normal 
in vivo spectra, unfed, re­
duced protochlorophyllide; 
fed ALA, normal 
in vitro spectra, unfed, re­
duced protochlorophyllide; 
fed ALA, slightly increased 
protoporphyrin IX 
in vivo spectra, unfed, re­
duced protochlorophyllide 
not converted normally to 
chlorophyllide after expo­
sure to light, fed ALA, same 
as normal 
in vivo spectra, unfed, re­
duced protochlorophyllide, 
fed ALA, slightly increased 
protoporphyrin IX 
in vivo spectra, unfed, re­
duced protochlorophyllide 
not converted normally to 
chlorophyllide after expo­
sure to light, fed ALA, 
slightly increased proto­
porphyrin IX 
in vivo spectra, unfed, no 
pigment detected, fed ALA, 
protoporphyrin IX 
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Table 5.1. (Continued) 
Chrom. & Light-grown Preliminary method and re-
Mutant (arm) phenotype suit with dark grown seedling Exp. 
21 113 10 (L) 
22a 02 
b oy-1040 
c oy-1039 
10(5) 
d Oy-yg-700 
e Oy-yg-1459 
23a 
b 
c 
d 
e 
oro 
oro-4889 
oro-8081 
oro-6474 
oro-64-4889-4 
dark-yellow vivo spectra, unfed, same 
as normal, fed ALA mostly 
protoporphyrin IX, some 
protochlorophyllide 
yellow-green 
viable 
dark-yellow 
dark-yellow 
dark yellow, 
homozygous; 
yellow green 
viable hetero­
zygous 
in vitro spectra, unfed and 
fed ALA, same as normal 
in vivo spectra, unfed, no 
pigment detected, fed ALA, 
protoporphyrin IX 
in vivo spectra, unfed, re­
duced protochlorophyllide, 
fed ALA, mostly proto­
porphyrin IX, some proto­
chlorophyllide 
in vivo spectra, homozygous 
plants, unfed, no proto­
chlorophyllide, fed ALA, 
protoporphyrin IX 
dark yellow, iii vivo spectra, homozygous 
homozygous: plants5 unfed; same as nor-
yellow-green mal, fed ALA, mostly proto­
viable, hetero- porphyrin IX, some proto-
zygous chlorophyllide 
yellow necrotic in vivo spectra, unfed, 
in light, nor- accumulate a small amount of 
magnesium protoporphyrin 
monomethyl ester. Amount 
depends on background, fed 
ALA, predominantly magnesium 
protoporphyrin(s) 
mal leaf tis­
sue in dark­
ness 
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Table 5.1. (Continued) 
Chrom. & Light-grown Preliminary method and re-
Exp. Mutant (arm) phenotype suit with dark grown seedling 
24 oro;Orom dark-yellow in vivo spectra, unfed, same 
with variable 
greening de­
pending on 
light intensi­
ty; often some 
bondlike ne­
crosis 
as normal, fed ALA mostly 
magnesium protoporphyrin and 
some protochlorophyllide 
25 oro2 yellow-ne-
crotic, varia­
ble necrosis 
depending on 
background 
in vivo spectra, unfed, 
small amount of magnesium 
protoporphyrin monomethyl 
ester, and protochlorophylr 
lide that is converted to 
chlorophyllide 672 after ex­
posure to light, fed ALA 
accumulate predominantly mag­
nesium protoporphyrin(s) 
Table 5.2. Chlorophyll accumulated in light grown luteus mutants 
Material 
Chlorophyll content 
mg/gm % of normal 
Control^ 1.51+.06 100 
wl5 .0016±.0003 0.105 
110 .00701.0002 0.464 
1*-Blandy4 0 0 
oy-1040 0 0 
oy-1039 .0079±.0004 0.523 
113 .01931.0001 1.26 
C^ontrol represents heterozygous and homozygous normal plants from 
segregating families. 
Figure 5,1. In vivo spectra of normal plants. B. Fed ALA. 
A. Unfed. 
dark grown 
exposed to light for 1 min 
after 1 h in darkness 
OD=.1 
Ln 
700 680660640620 600580560540 520S00 
WAVELENGTH (mm) 
Figure 5.2. In vivo spectra of dark-grown wl5. A. Unfed. B. 
Fed ALA. 
dark-grown 
exposed to light for 1 min 
exposed to light for 1 min, and after 1 h in 
darkness 
Figure 5.3. In vivo spectra of dark-grown 110. A. Unfed. B. 
Fed ALA. 
dark-grown 
exposed to light for 1 min 
after 1 h in darkness 
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0D=.1 
700 680660640 620 600 580560540 520500 
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113, and oy-1040 accumulate a small amount of chlorophyll while 1*-Blandy4 
and oy-1040 accumulate no detectable chlorophyll. This information, al­
though interesting, is not diagnostic inasmuch as corn stocks are replete 
with mutants incapable of synthesizing normal levels of chlorophyll. 
Dark-grown material Dark-grown material is particularly useful 
for determining the defective step in chlorophyll synthesis because dark-
grown higher plants are naturally blocked in the conversion of proto-
chlorophyllide to chlorophyllide. The pathway is further inhibited by a 
feedback mechanism preventing ALA. synthesis. In normal plants, this re­
sults in accumulation of a small amount of protochlorophyllide (Table 
5.3). In vivo (Figure 5.1A), two absorbing species of protochloro­
phyllide are present. One, absorbing maximally at 636 nm, is not photo-
transformable. The other, absorbing at approximately 650 nm, is imme­
diately converted to chlorophyllide 684 after exposure to light (250 lux 
for 1 min). When these plants are returned to darkness for 1 h, chloro­
phyllide 684 is converted to chlorophyll 672, and protochlorophyllide again 
begins to accumulate. In the mutants wl5, and 110 the amount of protochl­
orophyllide accumulated is significantly reduced compared with normal; wl5 
accumulates only 25% of the normal level, while jJJO accumulates 50% of the 
normal level (Table 5.3). The in vivo spectra of wl^  (Figure 5.2A) 
reveal that while this mutant accumulates predominantly protochloro­
phyllide absorbing at 650 nm, when these leaves are exposed to light this 
protochlorophyllide is converted to a species of chlorophyllide absorbing 
maximally at approximately 674 nm. In vivo spectra of 110 (Figure 5.3A) 
seem normal. The mutants 1*-Blandy4 and oy-1040 accumulate no detectable 
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Table 5.3. Precursors accumulated in unfed dark-grown luteus mutant 
material; control values represent heterozygous and homo­
zygous normal plants from luteus stocks 
Pchlide Pchlide 
Mutant nmoles/gm SE % of normal 
wL5 5.17 1.2 23 
Control 22.0 1.6 100 
110 8.41 0.76 51 
Control 16.5 1.9 100 
1*-Blandy4 0 0 0 
Control 20 6.2 100 
oy-1040 0 0 0 
oy-1039 7.0 0.57 40 
Control 17.7 1.2 100 
113 9.8 3.5 81 
Control 12.0 1.3 100 
porphyrins under dark-grown conditions (Figures 5.4A, 5.6A, Table 5.3). 
These mutants are considered nonleaky. Two mutants are leaky, synthe­
sizing SQES protochlorophyllide; oy-1039 (Table 5.3) accumulates approxi­
mately 40% of the normal level, and 113 (Table 5.3) accumulates only a 
slightly reduced level of protochlorophyllide. Protochlorophyllide 
accumulated by these mutants absorbs maximally at 650 nm and is directly 
converted to chlorophyllide 684 on exposure to light (Figures 5.5A, 5.7A). 
Dark grown plants fed ALA Although protochlorophyllide synthesis 
is tightly regulated, the regulatory step can be bypassed by feeding de­
tached shoots ALA. As a result of this treatment, plants accumulate sig­
nificantly higher levels of porphyrin pigments. Examination of mutant and 
normal plants by ^  vivo and iji vitro spectroscopy and thin-layer 
Figure 5.4. vivo spectra of dark-grown 1*-Blandy4. A. Unfed. 
B. Fed ALA. 
680 660640 620 600 580560 540 
WAVELENGTH (nm) 
Figure 5.5. In vivo spectra of 113. A. Unfed. B. Fed ALA. 
dark grown 
exposed to light for 1 min 
after 1 h in darkness 
OD=.1 
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Figure 5.6. In vivo spectra of dark-grown oy-1040. A. Unfed. 
Fed ALA. 
Figure 5.7. In vivo spectra of dark-grown oy-1039. A. Unfed. 
Fed ALA. 
dark-grown 
exposed to light for 1 rain 
after 1 h in darkness 
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chromatography makes possible identification and quantitation of pre­
cursors accumulated between ALA and protochlorophyllide. The most vivid 
demonstration of this pigment accumulation is seen in the vivo spectra. 
Figure 5.IB represents a normal plant fed ALA. The characteristic ab­
sorption maxima of protochlorophyllide at 636, 578, and 540 nm are clearly 
detectable. Most of this protochlorophyllide is not readily converted to 
chlorophyllide on exposure to light. Thin-layer chromatograms of normal 
plants reveal the presence of protoporphyrin IX as well as of protochloro­
phyllide (Table 5.5). There is considerable variation in the amount of 
pigment accumulated in these plants, due mainly to variation in uptake of 
ALA. In normal plants fed ALA for 24-h, approximately 60% of the total 
porphyrin pigment accumulated is protochlorophyllide, the remainder being 
protoporphyrin IX (control values. Table 5.4). As the total amount of 
porphyrins accumulated increases, however, such as by increased uptake of 
ALA, the relative amount of protoporphyrin IX increases. This is most 
readily demonstrated by varying the feeding time (Table 5.4, exp. 3 con­
trols) . This also illustrates the extent to which porphyrins accumulate 
by feeding ALA. After 6-h, the concentration of total porphyrins has 
increased approximately sixfold over unfed material; after 24-h of feed­
ing, the concentration is 18 times greater than that of unfed material. 
The most important consideration is the relative amount of protoporphyrin 
IX and protochlorophyllide accumulated. Unfed normal material (Table 5.3) 
accumulates only protochlorophyllide; after a 6-h feeding period, approxi­
mately 75% of the pigment is protochlorophyllide and 25% is protoporphyrin 
IX. After 24-h, the amounts of the two pigments are virtually equal 
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Table 5.4. Pigment concentrations in plants fed ALA for 24-h unless 
otherwise specified 
Exp. Mutant 
nmoles/gm 
Proto IX SE Pchlide SE Total SE 
1 wl5 153 79 60 16 213 70 
Control 125 67 121 26 
2 110 129 110 65 29 195 140 
Control 111 45 143 46 254 91 
3 1*-Blandy4, 6-h 113 40 (trace) 113 40 
Control 6-h 36 7 97 10 127 13 
1*-Blandy4, 24-h 229 65 (trace) - 229 65 
Control 24-h 175 66 188 40 363 93 
4 oy-1040 116 34 (trace) _ 116 34 
Control 70 39 108 35 178 74 
5 oy-1039 81 22 9.3 2.5 91 23 
Control 55 23 68 26 124 46 
6 113 174 67 17 10 191 67 
Control 52 27 128 40 180 64 
(Table 5.4, exp. 3). On this basis, normal plants are readily compared 
with the various luteus mutants (Figure 5.8). 
In vivo spectra of wl5 (Figure 5.2B) and 110 (Figure 5.3B) fed ALA 
illustrate absorption maxima similar to those observed in normal plants, 
however, the peaks at 578 and 540 nm are slightly higher than those 
seen in normal plants indicating a slight increase in the level of proto­
porphyrin IX compared with normal seedlings. Thin-layer chromatograms 
reveal the presence of protoporphyrin IX and protochlorophyllide. And 
in vitro spectra (Table 5.4, Figure 5.8A and B) indicate a slight in­
crease in the level of protoporphyrin IX in these mutants. The amounts 
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Table 5.5. Order of pigments chromatographed in 2, 6-lutidine: water 
(6:1) and pigments accumulated by each luteus mutant after 
being fed ALA for 24-h 
Phenotype 
Pigment Normal wl5 110 1*-Blandy4 oy-1040 oy-1039 113 
Mg-proto-
porphyrin mono-
methyl ester - - - - -
Protochloro-
phyllide& + + + (trace) (trace) + + 
Protopor-
porphyrin mono-
methyl ester - - - - -
Mg-proto-
porphyrin - - - - - -
Protoporphyrin-
IX + + + + + + + 
P^rotochlorophyllide and protoporphyrin monomethyl ester comigrate in 
this solvent. 
and proportion of precursors accumulated by 110 and wl5; however; were 
extremely variable which suggests that these slight aberrations in the 
proportion of precursors accumulated by these plants may have some 
physiological significance. 
In vivo spectra of 1*-Blandy4 (Figure 5.4B) and oy-1040 (Figure 5.6B) 
reveal the characteristic absorption spectrum of protoporphyrin IX, with 
absorption maxima at 636, 578, and 540. Chromatograms confirm the 
presence of protoporphyrin IX and sometimes reveal a faint trace of 
protochlorophyllide (Table 5.5). The leaky mutants 113 (Figure 5.5B) and 
oy-1039 (Figure 5.7B) accumulate predominantly protoporphyrin IX, with 
Figure 5.8. Relative proportions of porphyrins accumulated by dark-
grown luteus mutants fed ALA for 24 h. A control is 
Illustrated at the right of each mutant. 
A wl5 
B 110 
C 1*-Blandy4 
D 
E oy-1040 
F oy-1039 
j |protochlorophyllide 
protoporphyrin IX 
90 
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approximately 10% protochlorophyllide (Table 5.4, exp 5 and 6; Figure 5.8D 
and F). These leaky mutants do not accumulate significantly more protochl­
orophyllide when fed ALA than when harvested unfed. Only trace quantities 
of precursors preceding protoporphyrin IX are accumulated even by the most 
stringently blocked mutants. 
The oil yellow locus The oil yellow is unique among maize genes 
because it is the first locus characterized at which a series of allelic 
mutants exists that varies in phenotype from lethal to viable types. Thus 
a study of this locus has been given additional treatment. In an attempt 
to determine the relationships among o^, oy-1040 and oy-1039, porphyrins 
accumulated by these mutants and various allelic combinations have been 
examined. Table 5.6 indicates the amount of protochlorophyllide accumu­
lated by dark-grown plants. Two observations can be made concerning these 
data. Firstly, oy-1040 is the most stringently blocked allele, while 
oy-1039 and heterozygous oy-1039/oy-1040 plants accumulate 40% of the 
normal level of protochlorophyllide. Secondly, oy and combinations of oy 
with oy-1040 and oy-1039 are at least equivalent to normal with respect to 
protochlorophyllide synthesis. 
The effect of ALA feeding on these variables was also determined. In 
these experiments, normal plants accumulated a mixture of approximately 
40% protoporphyrin IX and 60% protochlorophyllide (Table 5.7 and Figure 
5.9 controls A-D). The oy-1040 (Table 5.7 and Figure 5.9A) allele 
accumulates virtually entirely protoporphyrin IX while oy-1039 (Table 5.7 
and Figure 5.9B) accumulates a mixture of approximately 90% protoporphyrin 
IX and 10% protochlorophyllide. Homozygous o^  plants are similar to 
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Table 5.6. Pigments accumulated by dark-grown unfed o^  alleles and 
allelic combination 
Allele 
nmoles/gm 
Pchlide SE % of normal 
oy-1040 0 0 0 
oy-1039 7 .57 40 
Control 17.7 1.2 100 
oy-1040/oy-1039 6.9 .42 38 
Control 18.0 1.0 100 
oy/oy 15.4 1.6 100 
oy/oy-1040 18.0 1.2 100 
Control 17.3 1.8 100 
oy/oy-1039 13.7 1.1 100 
Control 12.9 1.9 100 
normal with respect to their precursor accumulation (Table 5.7 and 
Figure 5.9E). Hétérozygotes between o^  and the lethal alleles are inter­
mediate in phenotype accumulating approximately 65% protoporphyrin IX and 
35% protochlorophyllide (Table 5.7 and Figure 5.9C,D). 
Two additional oy_ alleles obtained from M. G. Neuffer (Department of 
Agronomy, University of Missouri, Columbia, 1977), Oy-yg-700 and Oy-yg-
1459 add an additional degree of complexity to the oy locus. These are 
dominant-viable mutants which when homozygous are seedling-lethals. The 
heterozygous mutant phenotype is a yellow-green plant color which persists 
to maturity, while homozygous mutant seedlings are dark-luteus in pheno-
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Table 5.7. Pigments accumulated by recessive 0% mutants fed ALA 
nmoles/gm 
Mutant Proto IX SE Pchlide SE Total SE 
oy-1040 116 34 (trace) 116 34 
Control 70 39 108 35 178 74 
oy-1039 81 22 9.3 2.5 91 23 
Control 55 23 68 26 124 45 
02/02 66 26 107 41 173 63 
oy/oy-1040 177 35 94 6 271 40 
+/02 77 18 126 36 204 52 
oy/oy-1039 137 73 71 21 208 92 
+/02 71 14 138 41 209 52 
type. A preliminary analysis of precursors accumulated by the homozygous 
mutant seedlings by iji vivo spectroscopy indicates that Oy-yg-700 is a 
nonleaky block while Oy-yg-1459 is a leaky block in the conversion of 
protoporphyrin IX to magnesium protoporphyrin. 
Results of biochemical studies of the orobanche mutants 
Light-grown material Light-grown, both oro and oro2 are necrotic. 
Tissue that develops appears to bleach in a cross-banded pattern corre­
sponding to the light, dark cycle. No porphyrin pigments are detected in 
such plants (Table 5.8). In the presence of Orom.the oro modifier, oro 
plants bypass the lesion to some Gxtcxxt and are able to produce scïTie 
chlorophyll. 
Dark-grown material Dark-grown, the orobanche types develop 
perfectly normal (nonnecrotic) leaf tissue and accumulate a small amount of 
magnesium protoporphyrin monomethyl ester (Figure 5.10A and 5.12A; Table 
Figure 5.9. Relative proportions of protoporphyrin IX and protochloro-
phyllide accumulated by dark-grown alleles fed ALA 
for 24 h. A normal control is illustrated at the right 
of each mutant except oy which was analyzed in a homozygous 
stock. 
A oy-1040 
B oy-1039 
C oy/oy-1040 
D Qy/oy-1039 
E oz 
I I protochlorophyllide 
protoporphyrin IX 
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Table 5.8. Pigments accumulated by light-grown orobanche plants 
Chlorophyll 
Material mg/gm % of normal 
Control 1.51±.06 100 
oro 0 0 
oro2 0 0 
oro : Orom .073+.004 4.83 
5.9). The oro2 mutant also accumulates a small amount of protochloro-
phylllde that Is converted to chlorophyll 672 after exposure to light. 
In the presence of Orom, oro seedlings produce a normal level of proto-
chlorophyllide and have normal in vivo spectra (Figure 5.11A, Table 5.9). 
The oro2 locus has not been studied in the presence of Orom. 
Orobanche mutants fed ALA Although the defect in conversion of 
magnesium protoporphyrin monomethyl ester is apparent from studies of 
unfed dark—grown material, this result is intensified by feeding of ALA. 
In vivo spectra of oro (Figure 5.10B) and oro2 (Figure5.12B) fed ALA re­
veal the characteristic absorption maxima of magnesium protoporphyrins at 
590 and 550 nm. The amount of protochlorophyllide in oro2 is not in­
tensified by feeding ALA. Thin layer chromatograms (Table 5.11) reveal 
a mixture of pigments composed of protoporphyrin IX, magnesium proto­
porphyrin, and their monomethyl esters. Spectrally the porphyrin esters 
are not distinguishable from their nonesterified forms; thus, for quant­
itative purposes, they are treated as units. Such analysis reveals that, 
after 24-h feeding of ALA, protoporphyrins and magnesium protoporphyrins 
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Table 5.9. Pigments accumulated by dark grown unfed orobanche and normal 
plants 
Mutant 
Pigment ; nmoles/gm 
Mg-proto-monomethyl ester SE Pchlide SE 
% of normal 
pchlide 
oro 31.7 1.1 0 0 0 
Control 0 0 23.9 5.4 100 
oro2 8.8 2.1 (trace) 0 0 
Control 0 0 12 3 100 
oro:Orom 0 0 16.9 3.6 124 
Control 0 0 13.8 2.1 100 
Table 5.10. Pigments accumulated by dark grown orobanche plants fed ALA 
for 24 hours, unless otherwise specified 
Mutant 
nmoles/gm 
proto's SE Mg proto's SE Pchlide SE Total SE 
oro, 11 h 47 20 73 20 0 0 120 38 
Control 
11 h 32 8 0 0 93 11 127 19 
oro, 24 h 76 30 90 27 0 0 166 55 
Control 
24 h 89 34 0 0 123 20 212 42 
oro2 50 5 48 4 (trace) 0 98 8 
Control 54 14 0 0 65 18 119 27 
oro:Orom 312 140 159 81 41 20 513 240 
Control 55 18 0 0 103 31 158 45 
Figure 5.10. In vivo spectra of dark-grown oro. A. Unfed. B. 
Fed ALA. 
Figure 5.11. In vivo spectra of dark-grown oroiOrom. A. Unfed. B. 
Fed ALA. 
dark-grown 
exposed to light for 1 min 
after 1 h in darkness 
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Figure 5.12. In vivo spectra of dark-grown oro2. A. Unfed. B. 
Fed ALA. 
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Figure 5.13. Relative proportions of precursors accumulated by 
orobanche plants. A control Is Illustrated at the 
right of each mutant. 
A oro 
B oro2 
C oro:Orom 
I I protochlorophyllide 
magnesium protoporphyrin 
protoporphyrin IX 
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Table 5.11. Order of pigments chromatographed in 2,6-lutidine: water 
(6:1) and pigments accumulated by each orobanche mutant 
after being fed ALA for 24 h 
Phenotype 
Pigment Normal oro oro2 orotOrom 
Mg-protoporphyrin monomethyl ester + + + 
Protochlorophyllide^ + - + + 
Protoporphyrin monomethyl ester + + + 
Mg-protoporphyrin + + + 
Protoporphyrin IX + + + + 
^Protoporphyrin monomethyl ester and protochlorophyllide comigrate 
in this solvent. 
are present in equal concentrations (Table 5.10, Figure 5.14A and B). 
With shorter feeding periods, the same trend as was observed with wild 
type can be seen in oro (i.e., relatively less protoporphyrins are accumu­
lated during the shorter feeding period. 
Although oro seedlings are nonleaky, in the presence of Orom, they 
are able to produce some protochlorophyllide. The spectrum of oro; Orom 
plants Fed ALA (Figure 5.11B) reveals the presence of magnesium proto­
porphyrins and protochlorophyllide. Thin-layer chromatograms of pigments 
from modified plants reveal the presence of protochlorophyllide as well as 
the pigments accumulated by oro (Table 5.11). Approximately 60% of the 
porphyrins accumulated are protoporphyrins, 30% are magnesium proto­
porphyrins, and 10% is protochlorophyllide (Table 5.10, Figure 5.13C). 
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The total amount of porphyrins accumulated by oro;Orom plants is ex­
tremely high compared with other mutants. It does not seem that normal 
plants are affected by the modifier. In this experiment (Table 5.10) 
75% of the normal seedlings should have contained the modifier. The con­
trol values in this experiment, however, are not significantly different 
from those of other experiments. 
Discussion 
The mutants wl5 and 110 do not seem to be defective specifically in 
chlorophyll biosynthesis. In support of this can be seen the approximate­
ly normal accumulation of protoporphyrin IX and protochlorophyllide, and the 
increase in protochlorophyllide in mutant seedlings fed ALA. In wl5, 
there is a 12-fold increase, and in 110 an 8-fold increase in the proto­
chlorophyllide concentration in ALA fed plants. This contrasts sharply 
with 113 and oy-1039 which do not accumulate significantly more proto­
chlorophyllide when fed ALA than when harvested unfed. In wl5 the ex­
treme reduction in the amount of protochlorophyllide accumulated^ and in 
unfed plants, the defective conversion to chlorophyllide after exposure to 
light, may be an indication of a structural defect in the chloroplast. 
Further support for this conclusion stems from the observation that dim-
light grown material develops amorphous rather than the crystalline 
prolamellar body structure developed by normal plants (Robertson et al., 
1978). With mutants such as 110 and wl5, which are not defective spe­
cifically in chlorophyll biosynthesis, the actual lesion would be diffi­
cult to determine given the great number of processes carried on within 
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chloroplasts. It is for this reason that the major emphasis of this in­
vestigation has been on the well-defined chlorophyll biosynthetic mutants. 
The data presented clearly demonstrate that the dark luteus and 
orobanche mutants examined have severe defects specifically in chlorophyll 
biosynthesis. Three loci are defective in conversion of protoporphyrin IX 
to Mg-protoporphyrin. Mutants at the 1*-Blandy4 locus and oy-1040, when 
grown in darkness and fed ALA, accumulate almost exclusively protopor­
phyrin IX, but a faint trace of protochlorophyllide is sometimes seen in 
thin-layer chromatograms of pigments isolated from these mutants. The 
physiological significance of this is not clear. This protochlorophyllide 
may be due to normal tissue that might be present as a result of reverse 
mutation. Light-grown oy-1040 seedlings are slightly unstable (mutable) 
giving luteus plants with small green stripes. Unfed, these plants 
accumulate no detectable porphyrins. It is likely that the genetic de­
fects of these mutants are actually nonleaky. Seedlings homozygous for 
the oy-1039 allele, on the other hand, are leaky. A small amount of 
chlorophyll can be detected in light-grown material, and in darkness, this 
allele makes approximately 40% of the normal level of protochlorophyllide. 
This protochlorophyllide is convertible in the normal fashion to chloro­
phyll after brief exposure to light and subsequent incubation in darkness. 
Heterozygous oy-1040/oy-10-39 plants produce the same amount of proto­
chlorophyllide as homozygous oy-1039 mutant seedlings. Txto explanations 
for this are possible: (1) a dominant effect of the leaky allele or (2) 
the presence of a dominant modifier gene in the oy-1039 stock. The latter 
has been tested, and the results are consistent with the leakiness of 
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oy-1039 being a characteristic of the allele. This is not unreasonable in 
light of the observation that the original o^ allele is a viable lesion 
such that homozygous 0% plants green up and develop to maturity. A pre­
liminary analysis of o^  pigments from ALA-fed dark-grown plants indicates 
a normal accumulation of protochlorophyllide and protoporphyrin IX. Thus, 
this allele is sufficiently leaky not to appear defective in chlorophyll 
synthesis at all. The defect, however, becomes apparent in heterozygotes 
for 02 and either oy-1040 or oy-1039, where one dose of the o^ allele, 
although sufficient to form a normal level of protochlorophyllide in unfed 
plants, is not sufficient to allow normal precursor accumulation in plants 
fed ALA. Such seedlings, although appearing somewhat green when grown in 
light,are lethal. The o^, oy-1040 and oy-1039 alleles have no effect on 
plants heterozygous for the gene. The Oy-yg-700 and Oy-yg-1459 alleles, 
on the other hand, interfere with pigment production in the plant when 
present in only one dose. This implies that these alleles produce a gene 
product that interferes with chlorophyll synthesis, while the recessive 
alleles do not. It is concluded from these data that the primary function 
of the wild-type o^  allele is in the conversion of protoporphyrin IX to 
magnesium protoporphyrin, while mutant alleles vary regarding the extent 
to which they disrupt this function. At the 113 locus, one allele has 
been studied= A considerable amount of chlorophyll is accumtilated by 
these plants when grown under illumination, and in darkness, a nearly 
normal level of protochlorophyllide is produced. Both oy-1039 and 113 
accumulate approximately the same amount of protochlorophyllide when fed 
ALA as when harvested unfed. This, when compared with a tenfold increase 
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in protocblorophyllide in some control experiments, emphasizes the severi­
ty of the defects in these mutants. 
The orobanche loci are defective in the conversion of Mg-proto-
porphyrin monomethyl ester to protocblorophyllide. In contrast to the 
mutants already discussed, these mutants are necrotic in phenotype when 
grown in light. The extent of the necrosis is somewhat variable, de­
pending on the background. Necrotic plants accumulate no detectable 
porphyrins, and leaf material that does develop bleaches in a cross-
banded pattern corresponding to the light-dark cycle. Although the cause 
of necrosis has not been investigated, it is reasonable to speculate that 
the Mg-protoporphyrin monomethyl ester synthesized by orobancbe plants is 
immediately oxidized on exposure to light, resulting in cellular disrup­
tion and necrosis. In the absence of light, these plants exhibit normally 
developed leaves and accumulate a small amount of Mg-protoporpbyrin mono­
methyl ester corresponding approximately to the amount of protocbloro­
phyllide accumulated by normal plants. When the regulatory step is by­
passed by feeding dark-grown seedlings ALA, however, a mixture of proto-
porphyrin-IX, protoporphyrin monomethyl ester, and their magnesium de­
rivatives is accumulated. Granick (1961) made a similar observation in a 
cblorella mutant (No. 60-A). On the basis of these observations, it is 
not possible to determine the precise sequence in the biosynethetic path­
way (i.e., protoporphyrin IX protoporphyrin monomethyl ester ^  Mg-
protoporphyrin monomethyl ester,or protoporphyrin IX Mg-protoporphyrin 
Mg-protoporphyrin-monomethyl ester). Direct studies of the enzymes 
involved may resolve this problem. 
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It can be noted that several loci are involved in each of the defects 
reported. It seems that the biochemical conversions occur in physiologi­
cal compartments. Two explanations for this are possible. Firstly, 
these reactions may occur in enzyme complexes, the absence of inactivity 
of any of the components of which might completely disrupt the activity of 
the entire complex. The leaky and visible phenotype associated with 
alleles at two loci (113 and oy) may be due to partly functional enzymes. 
Gorchein (1972) provided suggestive evidence in ^  spheroides cells that 
an enzyme complex may be functional in the conversion of protoporphyrin-
IX to Mg-protoporphyrin monomethyl ester. He demonstrated that dlalized 
cells required S-adenosyl methionine or methionine and ATP and produced 
Mg-protoporphyrin monomethyl ester directly. He concluded that methyla-
tlon and magnesium insertion are functionally linked in an enzyme complex. 
Secondly, reactions after the formation of protoporphyrin IX are carried 
out in the chloroplast membranes (Rebeiz et al., 1972). Different spe­
cific disruptions of these membranes where enzymes or pigments normally 
bind might result in the same phenotypic expression. 
A dominant modifier gene (Orom) found in an oro stock partly sup­
presses the lesion in oro plants, allowing improved leaf development in 
light. Depending on the light intensity, these plants are capable of 
accumulating considerable chlorophyll= At 50 Lux continuous light, as 
much as 60% of the control level of chlorophyll is accumulated (data not 
presented), whereas atZDO hectolux light, in a light-dark cycle, approxi­
mately 5% of the normal level of chlorophyll is present. Nearly normal 
leaf development is observed in these plants, and a luteus phenotype is 
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characteristic of greenhouse material. If grown under continuous illumi­
nation at 200 hectolux, however, the leaves are completely necrotic and 
have the appearance of unmodified oro seedlings. Dark-grown oro;Orom 
plants are phenotypically normal. When fed ALA, such seedlings accumulate 
predominantly protoporphyrin IX, Mg-protoporphyrin, and their monomethyl 
esters, and a small amount of protochlorophyllide only slightly greater 
than that produced by unfed plants. The concentration of porphyrins in 
these plants is extremely high compared with controls. The significance 
of this is unclear. These data suggest that Orom is not integrated with 
the primary chlorophyll biosynthetic system but may be involved in an 
alternative pathway. It does not seem that normal plants are affected by 
Orom. Seventy-five percent of the normal plants in this experiment should 
have contained the modifier; however, these controls, in both fed and 
unfed material, are similar to those of other experiments. The effect of 
the modifier on normal plants and oro2 and the extent of its presence in 
normal stocks has not been systematically studied. 
The presence of modifier genes in normal stocks has been reported in 
the case of the cl modifier (Clm) (Robertson, 1966; Robertson et al., 
1966). Four different Clm alleles have been studied, each being capable 
of correcting the lesion of the cl locus (an albino) to a different ex­
tent. ranging from slight greening to a completely normal phenotype. It 
is believed that Clm affects chlorophyll synthesis only secondarily, its 
primary effect being correction of a carotenoid defect. The observation 
of a modifier in a chlorophyll synthetic mutant leaves open the possi-
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billty that other leaky phenotypes may be the result of similar modifica­
tion. 
The mutants reported in this study can be considered structural gene 
mutants; however, they permit certain predictions as to regulatory mole­
cules of the chlorophyll synthetic pathway. As in the "nonleaky" mutants 
defective in the conversion of protoporphyrin IX to Mg-protoporphyrin, 
reported by Gough (1972), 1*-Blandy4 and oy-1040 accumulate no detectable 
porphyrin pigments unless fed ALA. This leads to the conclusion that 
protoporphyrin IX perhaps indirectly through heme, is responsible for the 
tight regulation of the chlorophyll synthetic pathway. It appears, how­
ever, that having bypassed this step as in the case of oro, oro2, and 
normal plants, which are capable of synthesizing compounds beyond proto­
porphyrin IX, the regulation is not as stringent. This indicates that 
these compounds are not as important in regulating the pathway as proto­
porphyrin IX. It has been suggested (Bogorad, 1976) that the trace of 
protochlorophyllide seen in the nonleaky mutants of barley might be re­
sponsible for repressing the synthesis of protoporphyrin IX. Although 
this possibility cannot be completely ruled out in these mutants, it would 
be difficult to reconcile this interpretation with the accumulation of a 
significant amount of Mg-protoporphyrin monomethyl ester by oro and oro2. 
If absolutely no prctochlorophyllide were being made by these plants^  un­
restricted accumulation of precursors would occur as with plants fed ALA. 
On the other hand, if a trace of protochlorophyllide is accumulated as 
with ALA-fed 1*-Blandy4 and oy-1040, no porphyrin pigments should be 
accumulated. Alternatively, if protoporphyrin-IX is responsible for 
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regulating the pathway, no precursors should be accumulated in mutants 
that cannot convert protoporphyrin IX to Mg-protoporphyrin because any 
protoporphyrin IX made would repress further synthesis. Once having 
passed this step, however, regulatory proteins and enzymes would have to 
compete for the protoporphyrin IX, leading to a low level of synthesis of 
compounds beyond protoporphyrin IX. 
Aside from their general interest in understanding maize genetics, 
these and other similar mutants may be helpful in achieving a better 
understanding of chloroplast biogenesis as well as providing an approach 
to studying the enzymes of chlorophyll synthesis. 
Summary 
Several maize mutants defective specifically in chlorophyll bio­
synthesis have been analyzed. By feeding detached shoots of dark-grown 
seedlings ALA, the regulatory step in chlorophyll biosynthesis can be 
bypassed and large increases in chlorophyll precursors accumulate. In 
normal plants, and many undefined mutants, including 110 and wl5, this 
results in a buildup of protoporphyrin IX and protochlorophyllide. 
Chlorophyll biosynthetic mutants accumulate precursors depending on the 
sites of the mutant-induced lesions. Figure 5.14 presents a diagram of 
the chlorophyll biosynthetic pathway illustrating the sites of the mutant 
induced lesions. Mutants at three loci, 1*-Blandy4, 113, and o^  are 
defective in conversion of protoporphyrin IX to magnesium protoporphyrin. 
Mutants at the oro and oro2 loci are defective in the conversion of 
magnesium protoporphyrin monomethyl ester to protochlorophyllide. A 
Figure 5.14. Schematic diagram of the biosynthetic pathway for chlorophyll 
illustrating the sites of the lesions of the maize mutants. 
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dominant modifier gene, Orom, which allows oro seedlings to bypass their 
lesion to some extent and produce some protochlorophyllide has also been 
investigated. 
i 
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CHAPTER VI. ULTRASTRUCTURAL ANALYSIS OF CHLOROPLAST DEVELOPMENT 
IN THE CHLOROPHYLL BIOSYNTHETIC MUTANTS OF MAIZE 
Introduction 
The process of chloroplast development has been studied intensively 
for a number of years. One approach to studying this process has been the 
analysis of mutants defective in some aspect of chloroplast development. 
Chlorophyll biosynthetic mutants are a well-defined class of chloroplast 
mutants. Dark-grown, these mutants exhibit specific precursor accumula­
tion depending on the site of their lesion. In this report the effects of 
defects in the chlorophyll biosynthetic pathway on the process of chloro­
plast development are examined. The development of paracrystalline pro-
lamellar bodies is characteristic of normal dark-grown chloroplasts 
(etioplasts). The influence of chlorophyll precursors on the development 
of this structure has been examined, and provides insights into the 
general process of chloroplast development. 
Results 
Etioplast development in normal and leaky mutant seedlings 
Normal dark-grown plants accumulate a small amount of protochloro-
phyllide, some of which, attached to a protein designated holochrome, is 
directly convertable to chlorophyllide after exposure to light. This 
protochlorophyllide-holochrome presumably is housed in the prolamellar 
body, a highly symmetrical crystalline-like (paracrystalline) structure 
seen in many etioplast sections (Kahn, 1968). Three forms of prolamellar 
117 
bodies are common in etiolated corn seedlings: (1) the hexagonal or six 
pointed star lattice of Ikeda (1968) and Weier and Brown (1970) (Figures 
6.1 and 6.4); (2) the open-lattice type described by Gunning and Jagoe 
(1967) and Henningsen and Boynton (1969 (Figure 6.2); and (3) the cubic-
lattice of Gunning and Jagoe (1967) (Figure 6.3). These crystal struc­
tures are often seen in mixed lattices (Figures 6.2 and 6.3) but the 
ordered structure is maintained through the interphase between crystal 
types. The prolamellar body is associated with the plastid envelope via 
lamellar membranes. Other components of normal etioplasts include osmo-
phllic globules, which contain lipids normally associated with the chloro-
plastic electron transport system (Lichenthaler, 1968) (Figures 6.1 to 
6.4), and rarely, small starch grains (Figure 6.4). DNA fibers and 
riblsome particles are routinely observed (Figure 6.1-6.4). 
Two leaky mutants, 113 and oy-1039 are partially defective in the 
conversion of protoprophyrin IX to magnesium protoporphyrin. These mu­
tants develop photoconvertable protochlorophyllide when grown in darkness. 
Seedlings homozygous for 113, which accumulate a nearly normal level of 
protochlorophyllide, are normal in etioplast development, i.e., the same 
types and frequencies of prolamellar bodies are seen, and other components 
seem normal (Figures 6.5 and 6.6). In oy-1039, which accumulates 40% of 
the normal level of protochlorophyllide. normal prolamellar bodies are 
formed (Figures 6.7 and 6.8). These, however, are smaller in size and 
fewer in number compared with normal plants. Frequently, several small 
prolamellar bodies are seen in an etioplast (Figure 6.8) and the open-
lattice crystal structure is not uncommon (Figures 6.7 and 6.8). One 
Figures 6.1-6.4. Etioplasts of normal maize. Abbreviations; CP, 
cubic prolamellar body; HP, hexagonal prolamellar 
body; L, lamellar membranes; 0, osmophilic globule; 
OP, open prolamellar body; S, starch grain; arrow 
points to DNA fibers. Bars represent 1 ym. 
Figure 6.1. Normal etioplast illustrating the hexagonal arrangement 
of the prolamellar body. 28,000%. (Fixative, 2% 
glutaraldehyde, 1% paraformaldehyde.) 
Figure 6.2. Normal etioplast showing a mixed open and hexagonal pro­
lamellar body lattice. 30,000x. (Fixative, 3% 
glutaraldehyde, 2% paraformaldehyde.) 
Figure 6.3. Normal etioplast exhibiting a mixed cubic and hexagonal 
prolamellar body lattice. 30,000x. (Fixative, 3% 
glutaraldehyde, 2% paraformaldehyde.) 
Figure 6.4. Normal etioplast demonstrating the hexagonal prolamellar 
body and two small starch grains. 30,000x. (Fixative, 
3% glutaraldehyde, 2% paraformaldehyde.) 
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Figures 6.5-6.8. Etioplasts of leaky mutants partially defective in 
the conversion of protoporphyrin IX to magnesium 
protoporphyrin. Bars represent 1 yra. (Fixed in 3% 
glutaraldehyde and 2% paraformaldehyde.) 
Figure 6.5. Etioplast of 113 showing a hexagonal prolamellar body. 
23,000x. 
Figure 6.6. Etioplast of 113 showing a cubic-lattice prolamellar 
body. 23,000x. 
Figure 6.7. Etioplast of oy-1039 demonstrating a mixed open and 
hexagonal lattice. 23,000x. 
Figure 6.8. Etioplast of oy-1039 exhibiting several small prolamellar 
bodies. 30,000x. 
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unusual feature of the etioplasts of oy-1039 is the presence of large 
starch grains seen in bundle sheath etioplasts (Figures 6.36, 6.37, and 
6.38). 
In the presence of the modifier gene Orom, oro seedlings are equiva­
lent to a leaky lesion in the conversion of magnesium protoporphyrin 
monomethyl ester to protochlorophyllide. Modified oro seedlings develop 
a normal level of photoconvertable protochlorophyllide. Etioplasts of 
such plants develop normal prolamellar bodies (Figures 6.9, 6.10 and 6.11) 
and the open-lattice configuration is common (Figure 6.9). 
Etioplast development in nonleaky mutant seedlings 
Lesions at two loci, 1*-Blandy4 and oy-1040 are completely blocked 
in the conversion of protoporphyrin IX to magnesium protoporphyrin, i.e., 
no protochlorophyllide is synthesized. Etioplasts of these mutants de­
velop lamellar membranes, but no crystalline prolamellar bodies are seen 
(Figures 6.12 through 6.22 and 6.33, 6.34, 6.35). The lamellae of 
1*-Blandy4 generally either traverse the plastid or exhibit a vesicular 
appearance (Figures 6.12 and 6.13), while in oy-1040, although simple 
arrangements are sometimes seen (Figures 6.14 and 6.15), elaborate 
lamellar arrangements are often observed (Figures 6.16 through 6.22). In 
some plastids, membranes are seen to aggregate forming what may represent 
rudimentary prolamellar bodies (Figures 6.15, 6.16 and 6.19). In one plastid 
out of 159 photographed an amorphous prolamellar body was observed 
(Figure 6.20). More frequently looser aggregations of membranes are seen 
(Figures 6.15 through 6.17). Often, peculiar inclusions (Figures 6.19 
through 6.23) and membrane formations are seen in this material (Figures 
Figures 6.9-6.11. Etioplasts of oro;Orom, equivalent to a leaky 
lesion in the conversion of magnesium proto­
porphyrin monomethyl ester to protochloro-
phyllide. Bars represent 1 ym. (Fixed in 3% 
glutaraldehyde.) 
Figure 6.9. Etioplast of oro;Orom illustrating a large mixed open and 
hexagonal prolamellar body. 3,000x. 
Figure 6.10. Etioplast of oro;Orom showing a large hexagonal pro-
lamellar body. 24,000x. 
Figure 6.11. Etioplast of oro'.Orom exhibiting a small hexagonal pro-
lamellar body. 20,000x. 
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Figures 6.12-6.15. Etioplasts of nonleaky mutants defective in the 
conversion of protoporphyrin IX to magnesium 
protoporphyrin. Bar represents 1 ym. (Fixed 
3% glutaraldehyde, 2% paraformaldehyde.) 
Figure 6.12. Etioplasts of 1*-Blandy4 with lamellae traversing the 
plastid. 16,000%. 
Figure 6.13. Etioplasts of 1*-Blandy4, upper plastid showing 
vesicular lamellar arrangement. 16,000%. 
Figure 6.14. Etioplasts of oy-1040, upper plastid with lamellae 
traversing the plastid, lower plastid showing a loose 
whorl of several lamellae. 16,000x. 
Figure 6.15. Etioplasts of oy-1040 exhibiting a vesicular arrangement 
of lamellae. 15,000x. 
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Figures 6.16 and 6.17. Etloplasts of oy-1040. Abbreviations; LW, 
lamellar whorl; RP, rudimentary prolamellar 
body. Bars as marked. (Fixed in 3% 
glutaraldehyde, 2% paraformaldehyde.) 
Figure 6.16. Etioplasts of oy-1040; upper plastid illustrating a 
tight whorl of lamellae, lower plastid showing what 
seems to be a rudimentary prolamellar body. 35,000x. 
Figure 6.171 Detail of lamellar whorl from upper etioplast of Figure 
6.16. 90,000%. 
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Figures 6.18-6.23. Etioplasts of oy-1040 showing the diversity of 
plastid morphology observed in this mutant. 
Abbreviations; I, inclusion; NP, nonpara­
crystalline prolamellar body. Bars represent 1 
ym. (Fixative, 3% glutaraldehyde and 2% para­
formaldehyde . 
Figures 6.18 and 6.19. Etioplasts with elaborate lamellar arrange­
ments. 16,000%. 
Figure 6.20. Etioplast of oy-1040 exhibiting a nonparacrystalline 
prolamellar body. 16,000%. 
Figure 6.21. Peculiar whorl of membranes, right, adjacent to an 
etioplast with vesicular lamellae. 16,000%. 
Figures 6.22 and 6.23. Etioplasts of oy-1040 displaying large unde­
fined inclusions. 
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6.16 through 6.21). Whorls of membranes, either tightly (Figures 6.16 and 
6.17) or loosely (Figures 6.18 and 6.19) appressed are sometimes seen. As 
with its leaky allele oy-1039, etioplasts of oy-1040 often develop large 
starch grains (Figures 6.33, 6.34, and 6.35). Thus, much variation in 
plastid ultrastructure is observed but paracrystalline prolamellar bodies 
are not seen. 
Mutants at the oro and oro2 loci are defective in the conversion of 
magnesium protoporphyrin monomethyl ester to protochlorophyllide; the for­
mer is completely blocked, while the latter is slightly leaky. These 
mutants typically develop amorphous prolamellar bodies (Figures 6.24 
through 6.32). In oro, these bodies seem like a mass of disarticulated 
tubules (Figures 6.24, 6.25, and 6.26), while those of oro2 are more 
organized in appearance (Figures 6.27, 6.28, 6.29, 6.31, and 6.32). In 
some areas the tubules of oro2 are condensed, interconnected and highly 
ordered (Figures 6.29 and 6.32), but these regions are always interrupted 
and the overall structure never exhibits the symmetry of the normal pro­
lamellar body. In both orobanche mutants lamellar membranes are seen 
extending from the etioplast periphery to these amorphous prolamellar 
bodies in a manner similar to that of normal plastid development, but 
abnormal membrane configurations are sometimes observed. In oro2 tightly 
appressed lamellae(Figure 6.31), and very tight coils of membranes, 
seemingly associated with fibrillar material have been seen (Figure 6.32). 
Loose coils of membranes are occasionally observed in and around the etio­
plasts of oro (Figure 6.26). Although osmophilic globules were common to 
all material examined, unusually large aggregations of globules were some­
times observed in oro2 (Figure 6.30). 
Figures 6.24-6.26. Etioplasts of oro, a mutant with a defect in the 
conversion of magnesium protoporphyrin monomethyl 
ester to protochlorophyllide. Bar represents 1 
ym. (Fixed in 3% glutaraldehyde and 2% para­
formaldehyde.) 
Figures 6.24 and 6.25. Etioplasts of oro exhibiting nonpara-
crystalline prolamellar bodies. 30,000x. 
Figure 6.26. Whorls of membranes in the cytoplasm adjacent to the 
etioplasts of oro. 30,000x. 
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Figures 6.27-6.31. Etioplasts of oro2, defective in the conversion of 
magnesium protoporphyrin monomethyl ester to proto-
chlorophyllide, but slightly leaky, producing a small 
amount of protochlorophyllide. Abbreviations: SL, 
stacked lamellae. Bar represents 1 pm. (Fixed in 
3% glutaraldehyde, 2% paraformaldehyde.) 
Figures 6.27-6.28. Etioplasts of oro2 illustrating the disorganized 
tubules of the prolamellar body. 20,000%. 
Figure 6.29. Etioplast of oro2 showing a somewhat more organized pro-
lamellar body. 20,000%. 
Figure 6.30. Etioplast of oro2 illustrating an aggregation of osmo-
philic globules. 15,OOOx. 
Figure 6.31. Etioplast of oro2 with several small stacks of lamellae. 
20,OOOx. 
Figure 6.32. Etioplast of oro2 showing a tight whorl of membranes. 
20,OOOx. 
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Figures 6.33-6.38. Etioplasts of oy-1040, and oy-1039 demonstrating 
the accumulation of large starch grains. Bars 
represent 1 lim. (Fixed in 3% glutaraldehyde and 
2% paraformaldehyde. 
Figures 6.33-6.35. Etioplasts of oy-1040. 20,000x. 
Figures 6.36-6.38. Etioplasts of oy-1039. 20,000%. 
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Discussion 
Development of structures other than prolamellar bodies 
Several plastid constituents are common to all etioplasts examined. 
The components involved in plastid autonomy, DNA and ribosomes are seen in 
all material studied. Osmophilic globules, which contain excess membrane 
lipids normally associated with the electron transport system, are always 
seen and in oro2 aggregations of these structures were sometimes observed. 
This may reflect a lesion in the deposition of lipids in the membranes of 
oro2. In general, the development of lamellar membranes seems to be 
normal in the chlorophyll biosynthetic mutants. Indeed, lamellar membrane 
development does not require either chlorophyll or carotenoid synthesis. 
The carotenoid biosynthetic mutants previously reported often seem to de­
velop normal etioplasts (Walles, 1967; Bachmann et al., 1967; Troxler 
et al., 1969; Orsenigo et al., 1976; Robertson et al., 1978). In some 
cases the chlorophyll deficient types develop anomolous membrane con­
figurations. Those of oy-1040 are the most peculiar sometimes forming 
whorls of lamellae. Often, several lamellar arrangements are present in 
an individual etioplast. Structures similar to the coil in Figure 6.16 
have been seen in a soybean mutant (Palmer, personal communication. Dept. 
of Genetics, Iowa State Univ., 1978), and the mutant (Robertson, Per­
sonal communication. Dept. of Genetics, Iowa State Univ.,1978). In other 
chlorophyll mutants, coils of membranes are sometimes seen; in oro, loose 
coils are seen both in etioplasts and in the surrounding cytoplasm, and 
tightly colled membranes are seen in the plastids of oro2. The possi­
bility that other mutants develop similar structures cannot be ruled out. 
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Any discussion of the significance of these structures would be purely 
speculative at this time. 
Aside from their peculiar membrane configurations, etioplasts of 
oy-1040 also contain anomalous inclusions. These may be related to the 
mutant disfunction but the relationship is obscure. 
Starch grains were rarely seen in the etioplasts of normal plants 
and among mutants were only observed in the luteus o^  alleles. Suzuki and 
Ueda (1974) reported starch grains in the development of normal etio­
plasts, and their presence in oy-1040 and oy-1039 may simply be a reflec­
tion of the physiological state of these plants when they were sampled. 
Prolamellar body development 
Prolamellar body development in normal seedlings The two major 
classes of prolamellar body building blocks discussed by Gunning and 
Steer (1975), the cubic and tetrahedral types, are common in corn etio­
plasts. These are associated at their periphery with lamellar membranes, 
described as sheets by VJeier and Brown (1970), which connect the pro­
lamellar body with the plastid envelope. This arrangement provides two 
separate compartments within the etioplast, the stroma, within the inner 
plastid membrane, continuously separated from the space between the inner 
and outer chloroplast membranes. The functional significance of this 
separation remains to be elucidated. 
Prolamellar body development in leaky mutants The leaky mutants 
oy-1039, 113 and oro;Orom develop what seem to be perfectly normal pro­
lamellar bodies. The lesions of these mutants interfere with pigment 
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synthesis but have no effect on prolamellar body development. The proto­
chlorophyllide accumulated by these mutants is photoconvertable in a 
normal fashion to chlorophyll after exposure to light. These observations 
corroborate similar observations relating to the leaky chlorophyll bio-
synthetic mutants of barley (Wettstein et al., 1971). Several mutants 
have been reported that can make protochlorophyllide but do not develop 
21 
paracrystalline prolamellar bodies: the xan-u mutant of barley 
(Wettstein et al., 1971), and the 113 and wl5 mutants of corn (Bachmann 
et al., 1973; Robertson et al., 1978, and this report). These mutants, 
however, accumulate reduced levels and do not convert protochlorophyllide 
normally to chlorophyll after exposure to light. Thus, where tested, 
there is a correlation between development of paracrystalline prolamellar 
bodies and the ability to accumulate photoconvertable protochlorophyllide. 
The size and frequencies of the prolamellar bodies developed by the 
leaky mutants seems to be a function of the amount of protochlorophyllide 
present. The etioplasts of 113 and oroiOrom, which accumulate approxi­
mately normal levels of protochlorophyllide develop normal prolamellar 
bodies, while those of oy-1039, which accumulates less than half of the 
normal protochlorophyllide level, are reduced in size and frequency com­
pared with normal. The development of the open-lattice crystal structure 
does not seem to be a function of the amount of protochlorophyllide pre­
sent as has been suggested (Henningsen and Boynton, 1969), but may be the 
result of random initiation of alternative stable crystal structures 
(Gunning and Steer, 1975). 
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Prolamellar body development in nonleaky mutants Inability to 
convert protochlorophyllide to chlorophyllide imposes a block in the 
normal process of chloroplast development and results in an alternative 
state of development. The nonleaky mutants provide an opportunity to de­
termine the effects of stringent lesions prior to protochlorophyllide on 
the process of chloroplast development. Consistent with previous observa­
tions, mutants defective in the conversion of protoporphyrin IX to mag­
nesium protoporphyrin develop no prolamellar bodies (Wettstein et al., 
1971). The maize mutants 1*-Blandy4 and oy-1040 develop normal lamellar mem­
branes, but crystalline prolamellar bodies do not develop. Although re­
sulting in the same physiological defect, the membrane systems observed in 
these mutants are strikingly different. The lamellae of 1*-Blandy4 are 
very similar to those of normal plants. Sometimes lamellae traverse the 
plastid, while in some sections a vesicular arrangement is observed. The 
etioplasts of oy-1040, on the other hand, are difficult to generalize. In 
some cases, lamellae traverse the plastid, however, in general more com­
plex arrangements of membranes are seen. Variations in lamellar arrange­
ment within a given cell, and often within an individual plastid are not 
uncommon. The membranes sometimes form loose aggregates of tubules that 
may represent rudimentary prolamellar bodies, and in one (out of 156 
plastids photographed) an amorphous prolamellar body was developed= Thus, 
although physiologically defective in the same conversion, oy-1040 seems 
to be capable of developing a higher level of etioplast organization than 
1*-Blandy4. 
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The effects of lesions in conversion of magnesium protoporphyrin 
monomethyl ester to protochlorophyllide have not previously been reported 
with respect to their effects on etloplast development. These mutants, 
develop noncrystalline prolamellar bodies. Magnesium protoporphyrin mono-
methyl ester accumulated by these mutants, although not promoting crystal­
lization of the prolamellar body, may allow some of its components to 
develop. At this time, however, one cannot rule out the alternative 
hypothesis that these lesions directly affect the structure of the pro­
lamellar body, which results in abnormal chloroplast development and 
accumulation of magnesium protoporphyrin monomethyl ester. Regardless of 
the mechanism, it is clear that the chlorophyll biosynthetic mutants can 
be arranged hierarchically, in terms of their ability to organize the 
prolamellar body: 1*-Blandy4 < oy-1040 (Figure 6.39) < oro (Figure 6.40) 
< oro2 (Figure 6.41) < normal (Figure 6.42) and leaky mutants. 
Relationship of prolamellar body development in the chlorophyll bio­
synthetic mutants or maize to other studies of the chloroplast development 
Although oro is the only mutant reported incapable of synthesizing or 
accumulating protochlorophyllide that typically develops any form of mem­
branous aggregations, several mutants that accumulate protochlorophyllide, 
but develop noncrystalline prolamellar bodies have been reported (Shumway 
and Weier, 1967; Paolillo and Reighard, 1968; Orsenigo and Marziani, 
1971; Wettstein et al., 1971; Chollet and Paolillo, 1972; Bachmann 
et al., 1973; Orsenigo and Rascio, 1975; Robertson et al., 1978). Several 
mutants, already eluded to, H and (Bachmann et al., 1973; Robertson 
Figures 6.39-6.42. Four etioplasts illustrating the hierarchy of 
chloroplast development. Bars represent 1 pm. 
(Fixed in 3% glutaraldehyde and 2% para­
formaldehyde.) 
Figure 6.39. Etioplast of oy-1040 with a rudimentary prolamellar 
body. 25,000%. 
Figure 6.40. Etioplast of oro showing an amorphous mass of tubules. 
20,000%. 
Figure 6.41. Etioplast of oro2 showing a highly ordered yet non-
paracrystalline prolamellar body. 20,000%. 
Figure 6.42. Normal etioplast with a paracrystalline prolamellar 
body. 22,000%. 
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et al., 1978) in maize and xanu in barley (Wettstein et al., 1971) 
develop protochlorophylllde that is not converted to chlorophyllide 
normally after exposure to light. These may represent defects in struc­
tural aspects of the chloroplasts on prolamellar body. Chloroplasts of 
the white (iojap) sectors of maize develop amorphous prolamellar 
bodies and are devoid of ribosomes (Shumway and Weier, 1967; V. Wallot, 
personal communication, Department of Biology, Washington University, 
1978). It may be that the absence of protein synthesis in these etio-
plasts is responsible for their aberrant development. 
Several albino and pale green mutants of maize develop typical para-
crystalline prolamellar bodies. Some of these mutants, ^  (Bachmann 
et al., 1967), cil (Bachmann et al., 1973; Robertson et al., 1978), al 
(Troxler et al., 1969), and Ig; (Orsenigo et al., 1976), are defective in 
carotenoid biosynthesis. Thus, carotenoid synthesis is not a prerequi­
site crystalline prolamellar body formation while protochlorophylllde 
synthesis is needed. In several cases, however, paracrystalline pro­
lamellar bodies have been reported under physiological conditions under 
which no protochlorophylllde was detectable. Treffrey (1973) demonstrated 
that in etiolated pea seedlings, disrupted prolamellar bodies reformed in 
red-light when no protochlorophylllde was present. The author suggested 
that in general unphytylated pigments (protochlorophylllde or chloro­
phyllide) may be required for crystallization of the prolamellar body. 
Mlchel-Wolertz and Bronchart (1974) disputed this generalization noting 
that in pine seedlings grown in light or darkness prolamellar bodies were 
formed when neither protochlorophylllde or chlorophyllide was detectable. 
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These prolamellar bodies gradually became smaller in size and eventually 
disappeared with no indication of a vesicular transition. These reports 
demonstrate that the presence of neither chlorophyllide nor protochloro-
phyllide is required for maintenance of the integrity of the prolamellar 
body. Mutants, however, incapable of synthesizing phototransformable 
protochlorophyllide cannot develop paracrystalline prolamellar bodies. 
These observations suggest that the site of synthesis of protochloro­
phyllide within the etioplast may be the prolamellar body itself. Rebeiz 
et al. (1972) have demonstrated that the conversion of protoporphyrin IX 
to chlorophyll occurs in the chloroplast membranes. If protochloro­
phyllide were synthesized in lamellar membranes outside the prolamellar 
body and were responsible for organizing the prolamellar body its integ­
rity could not be maintained in the absence of protochlorophyllide. Al­
ternatively, if protochlorophyllide synthesized outside the prolamellar 
body were not responsible for its integrity one might expect some mutants 
lacking protochlorophyllide to develop normal prolamellar bodies. 
Further, these would not necessarily be a correlation between the develop­
ment of phototransformable protochlorophyllide and paracrystalline pro­
lamellar bodies. If, on the other hand, protochlorophyllide were synthe­
sized within components that also contribute to the structure of the pro­
lamellar body, the components needed for synthesis of protochlorophyllide 
would be required for maintenance of the paracrystalline structure. The 
pigments produced by this system, however, would not be needed to maintain 
the structure of the prolamellar body. Certain physiological conditions 
(such as darkness) might favor the development of prolamellar bodies. 
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while their absence, under other conditions, would not imply that pro-
lamellar body constituents were not required for normal chlorophyll 
synthesis or plastid development. It has been suggested that the pro-
lamellar body acts as a storage site for membranes (Gunning and Jagoe, 
1967 ; Rosinski and Rosen, 1972). Although this concept does not account 
for the relationship between protochlorophyllide and the prolamellar body, 
it cannot be ruled out as an additional prolamellar body function. 
The data presently available are insufficient to distinguish whether 
the lesions of the chlorophyll biosynthetic mutants involve chlorophyll 
biosynthetic enzymes per se or structural elements of the prolamellar 
body. Indeed, with lesions exhibiting such specific defects it is 
reasonable to speculate that the two processes are integrally related. 
Studies of the proteins and enzymatic activities of the etioplasts of 
these mutants may ultimately provide the solution to this problem. It is 
clear, however, that specific lesions in chlorophyll biosynthesis impose 
well-defined blocks in the process of etioplast developments 
Summary 
Figure 6.43 presents a diagrammatic representation of the chlorophyll 
biosynthetic pathway and the effects of stringently blocked mutants on the 
process of chloroplast development. Leaky mutant and normal plants that 
develop photoconvertable protochlorophyllide develop paracrystalline pro­
lamellar bodies. Mutants, incapable of developing photoconvertable proto­
chlorophyllide, do not develop paracrystalline prolamellar bodies. These 
along with other data in the literature, provide indirect evidence that 
Figure 6.43. Diagrammatic representation of the chlorophyll bio-
synthetic pathway illustrating the sites of the lesions 
of the stringently blocked mutants and the effects of 
these lesions on chloroplast development. 
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the components to the prolamellar body represent the site of synthesis of 
protochlorophyllide in the chloroplast. 
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CHAPTER VII. GENERAL DISCUSSION AND CONCLUSIONS 
In this report analyses of the chlorophyll biosynthetic mutants from 
a genetic, biochemical and developmental point of view have been pre­
sented. The genetic results are straightforward. There are three loci 
at which the dark-luteus phenotype has been observed. In the cases of 
1*-Blandy4 and 113 only lethal luteus types have been observed. With oy, 
however, a range of types from lethal to viable has been identified. This 
observation emphasizes the importance of allele testing not only mutants 
with similar phenotypes but also mutants that may represent extreme varia­
tions of the same basic type. The orobanche mutants, which are yellow-
necrotic in phenotype, are represented by two loci. Several mutants at the oro 
locus have been identified while only one oro2 mutant is presently 
available. The observation of a modifier in an oro stock indicates that 
independent minor effects may be important in the overall process of 
chlorophyll biosynthesis. It will be necessary to determime the effects 
of this gene on other loci as well as on noiûial plants. Two hypotheses 
for the mode of action of the modifier are: (1) a duplicate gene with a 
minor but similar effect to oro on the chlorophyll biosynthetic pathway; 
or (2) production of an independent product that interacts specifically 
with the defective oro protein to form a partly functional complex. At 
this time, these ideas are purely speculative but knowledge of the effects 
of Orom on other systems may help resolve this problem. 
The analysis of precursors accumulated by these mutants indicates the 
sites of their lesions. The data demonstrate that the dark-luteus mutants 
are defective, at least partly, in the conversion of protoporphyrin IX to 
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magnesium protoporphyrin. In the completely blocked mutants, this repre­
sents a defect in both magnesium insertion and methylation of proto­
porphyrin IX and corroborates the observation that these two processes are 
functionally linked in an enzyme complex as was suggested by Gorchein 
(1972). The orobanche mutants are defective in the conversion of mag­
nesium protoporphyrin monomethyl ester to protochlorophyllide. The 
necrosis of these plants is probably due to the photosensitizing effect of 
the magnesium protoporphyrin monomethyl ester accumulated by these plants. 
Cough (personal communication, Department of Physiology, Carlsberg 
Laboratory, Copenhagen, Denmark, 1978) indicates that a similar effect is 
observed in two new alleles of the xan-1 locus in barley defective in the 
same step as the orobanche mutants. When dark grown orobanche seedlings 
are fed ALA, they accumulate significant quantities of not only magnesium 
protoporphyrin monomethyl ester, but also the other intermediates back to 
protoporphyrin IX. The presence of both protoporphyrin monomethyl ester 
and magnesium protoporphyrin in these pigment mixtures presents a problem 
in that presumably only one of these compounds is actually involved in the 
chlorophyll biosynthetic pathway. This has been observed in a chlorella 
mutant (Granick, 1961), but has not been reported in the barley mutants 
(Kahn, 1976; Cough, personal communication, 1978). In maize, this may be 
an aberration due to feeding ALA; i^ e^ , under these conditions, methyla­
tion and magnesium insertion can occur independently. Until further data 
are obtained, however, the precise sequence of the pathway will remain 
uncertain. 
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From a biochemical point of view, Orom does not correct that defect 
in oro plants but results in accumulation of precursors accumulated by oro 
plus protochlorophyllide. This leads to the tentative conclusion that 
Orom does not correct the oro defect but represents an alternative step in 
the conversion of magnesium protoporphyrin monomethyl ester to proto­
chlorophyllide. 
Figure 7.1 illustrates a schematic diagram of the chlorophyll bio-
synthetic pathway and the mutants characterized in barley and corn. It is 
clear that these systems are similar, and several general comparisons can 
be made. In each case, mutants at three loci defective in the conver­
sion of protoporphyrin IX to magnesium protoporphyrin have been identi­
fied. In barley, one locus has been found with mutants defective in con­
version of magnesium protoporphyrin monomethyl ester to protochloro-
21 
phyllide, while in maize, two have been identified. One mutant, xan-u 
is partly defective in conversion of uroporphyrinogen III, however, it is 
probable that this mutant represents a structural defect in light of its 
inability to convert protochlorophyllide to chlorophyllide (Wettstein 
et al., 1971). No mutants defective in conversion of protochlorophyllide 
to chlorophyllide have been found in either system. This may be due to 
failure to look for the proper phenotype. Based on the observation of 
necrosis in oro, it is possible that a mutant defective in eoriversion of 
protochlorophyllide to chlorophyllide may be necrotic in phenotype with 
some green due to the accumulation of protochlorophyllide. Many green 
necrotic mutants are available in maize and can be tested for this defect. 
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Figure 7.1. A schematic diagram of the chlorophyll biosynthetic 
pathway indicating the sites of the lesions in mutants 
of barley and corn. 
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Several regulatory mutants have been characterized in barley. While 
no attempt has been made to identify such mutants in corn, mutants similar 
in phenotype to the barley regulatory mutants are common; i.e., they rep­
resent the class of seedling-lethal zebra mutants. 
Cough (1972) pointed out that most of the mutants that accumulate 
intermediates in the chlorophyll pathway are leaky. In maize, how­
ever, several mutants seem to be completely blocked. These include 
oy-1040, 1*-Blandy4, and oro. In thin layer chromatograms of pigments 
from seedlings of oy-1040, and 1*-Blandy4 fed ALA, a trace of a pigment 
that comigrates with protochlorophyllide was sometimes observed. It is 
possible that these pigments represent magnesium free derivatives of 
protoporphyrin IX. Alternatively, the pigment may represent protochloro­
phyllide formed as a result of reverse mutation. The amount of pigment 
was so slight, however^  that even after concentrating the pigment from 
several plants into a small volume of ether, the spectrophotometric pro­
cedures used were not sensitive enough to determine its nature. It seems 
likely, therefore, that if any protochlorophyllide is accumulated it is of 
no physiological significance. In pigments extracted from oro no proto­
chlorophyllide could be detected, however, a significant amount of proto­
porphyrin monomethyl ester, which comigrates with protochlorophyllide in 
the solvent systcui used, was aecumulâtcd by the orobanche seedlings. 
Thus, in maize, two luteus and an orobanche mutant seem to be nonleaky 
based on available data. 
With regard to regulation of chlorophyll biosynthesis, Gough (1972) 
suggested that several precursors may cause inhibition of the ALA 
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synthesizing enzyme. The observations on the maize mutants, however, 
demonstrate that protoporphyrin IX is responsible for stringent regulation 
of the pathway, while magnesium protoporphyrin monomethyl ester and 
protochlorophyllide do not impose as tight a regulation on the pathway. 
The chlorophyll biosynthetic mutants have been used as tools to gain 
information relevant to the process of chloroplast development. The 
electron micrographs clearly demonstrate the correlation between the de­
gree of prolamellar body development and the synthesis of chlorophyll 
precursors; i.e., chloroplasts that accumulate no precursors develop 
little or no internal structure, those that accumulate magnesium proto­
porphyrin monomethyl ester develop amorphous prolamellar bodies, and 
plants that accumulate photoconvertable protochlorophyllide develop normal 
paracrystalline prolamellar bodies. Other factors can influence the pro­
cess of chloroplast development. Aside from chlorophyll biosynthesis a 
number of metabolic processes including photosynthesis, DNA and protein 
synthesis and amino acid synthesis are normally carried out in chloro­
plasts. Indeed, 60% of all plant ribosomes are chloroplast ribosomes 
(Ellis, 1978). In terms of chloroplast development, however, only a few 
mutants have been observed and some of these are biochemically uncharac-
terized. Table 7.1 summarizes the information available on etioplast 
development. The carotanoid deficient mutants apparently have no direct 
effect on the process of etioplast development. Mutants that accumulate 
photoconvertable protochlorophyllide also develop normal paracrystalline 
prolamellar bodies. Mutants, however, that do not accumulate proto­
chlorophyllide that is normally convertable to chlorophyllide after 
Table 7.1. Summary of mutants that provide information relevant to the process of chloroplast 
development (see text for references); species other than corn are indicated in 
brackets 
Undefined lesions 
that do not directly 
interfere with 
pigment synthesis 
Enzymes or structural 
components that di­
rectly interfere with 
chlorophyll biosynthesis 
Enzymes or structural 
components that di­
rectly interfere with 
carotenoid biosynthesis 
Disrupt 
prolamellar 
body 
Do not disrupt 
prolamellar 
body 
Disrupt 
prolamellar 
body 
Do not disrupt 
prolamellar 
body 
Do not disrupt 
prolamellar 
body 
golden-leaf 18 xan-b (barley) xan-flO'27,60 
(barley) 
xan-f(barley) w3 
vl7 xan-m^ (^barley) 
(barley) 
xan-g^ (^barley) cll 
vl8 xan-h^ (^barley) xan-1^ (^barley) al 
13 21 xan-u (barley) oy-1039 Iz 
wl5 1*-Blandy4 113 Iwl 
111 oy-1040 oro:Orom zZ 
iL oro 3-caroteneless(sun­
flower) 
12 oro2 
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exposure to light cannot develop paracrystalline prolamellar bodies. 
Thus, protochlorophyllide synthesis and accumulation are essential for 
normal etioplast development. On the other hand, two reports Indicate 
that the integrity of the prolamellar body can be maintained in the ab­
sence of.protochlorophyllide (Treffry, 1973; Michel-Wolertz and Bronchart, 
1974). Thus, the potential to synthesize protochlorophyllide, but not 
protochlorophyllide itself, is essential for the structure of the pro­
lamellar body. This is an indirect indication that the enzymes of the 
chlorophyll biosynthetic pathway from protoporphyrin IX to protochloro­
phyllide represent a component of the prolamellar body membrane system. 
Under certain physiological conditions such as dim-light or darkness, 
precursors and enzymes accumulate forming the tubules of the prolamellar 
body. In dark grown-plants, the size of the prolamellar body increases as 
the amount of protochlorophyllide increases (Henningsen and Boynton, 
1969) and as demonstrated with the leaky chlorophyll biosynthetic mutants 
of maize depends on the amount of protochlorophyllide present. On the 
other hand, in plants grown in bright light prolamellar bodies are not 
generally observed. This implies that the chlorophyll biosynthetic system, 
which is probably present in chloroplasts of light-grown plants, can embed 
itself unobtrusively into the chloroplast membranes under normal growth 
conditions. Direct biochemical tests are needed to confirm this hypothesis. 
In conclusion, this study has provided some insight into the nature 
of the interaction between nuclear genes controlling chlorophyll synthesis 
and chloroplast development. The chlorophyll molecule and the chlorophyll 
biosynthetic system are essential for the development and integrity of the 
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normal chloroplast. It has also provided information relevant to the 
genetics, biochemistry, and regulation of the chlorophyll biosynthetic 
pathway. Further studies using these and other similar mutants may be 
useful in developing probes to study the enzymology of the chlorophyll 
biosynthetic pathway as well as the proteins involved in chloroplast 
structure and development. 
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